Esta revisão descreve os aspectos fundamentais, a instrumentação, as aplicações e tendências futuras de uma técnica analítica que se encontra em seu estágio de consolidação e que está em vias de estabelecer o seu nicho entre as técnicas espectrofotométricas modernas. A técnica é denominada Espectroscopia de Emissão em Plasma Induzido por Laser (em inglês, Laser Induced Breakdown Spectroscopy, LIBS) e sua principal característica está no uso de pulsos de laser como fonte de energia para vaporizar a amostra e excitar a emissão de radiação eletromagnética, a partir de seus elementos e/ou fragmentos moleculares. A radiação emitida é analisada por meio de instrumentos ópticos de alta resolução e as suas intensidades são medidas, usualmente com detectores rápidos de estado sólido. Em conjunto, esses dispositivos permitem a geração e a medida de um espectro de emissão de faixa ampla do fenômeno induzido pelo pulso de laser. O espectro registrado contém informação qualitativa e quantitativa que pode ser correlacionada com a identidade da amostra ou empregada na determinação da quantidade de seus constituintes. Essa revisão é dividida em quatro partes. A primeira aborda aspectos históricos da técnica e os conceitos teóricos relevantes associados com LIBS; então, os aspectos práticos de diversas abordagens experimentais e instrumentais empregadas na implementação da técnica são revistos de forma crítica; as aplicações encontradas na literatura, incluindo aquelas que empregam quimiometria, são classificadas e exemplificadas por meio de trabalhos relevantes recentemente publicados. Finalmente, uma tentativa de estabelecer uma avaliação global e as perspectivas futuras para a técnica é apresentada.
Introduction
Analytical techniques based on emission of electromagnetic radiation produced after excitation of atoms, ions or molecules present in a sample have been around for quite a while. Usually, these techniques employ some type of energy source to promote the species present in the sample to higher energy levels from where they decay, emitting characteristic radiation that is collected, sent to a wavelength selector and detected. The sample can be a solid, liquid or gas. However, some of the emission techniques can not deal directly with the original samples and some type of treatment must precede their presentation for analysis. Although the measurement step is rapid, precise and sensitive, sample treatment is often slow, cumbersome and prone to induce errors due to contamination and losses. Furthermore, the necessity of sample treatment limits the use of these techniques in the field, a requirement increasingly under investigation to match the interests of the Environmental Chemistry, Process Analytical Chemistry, Forensic Analysis, Archaeological Analysis and many others areas of science that present sound arguments to make a reality of the dream of take the instrument to the untouched sample and not the inverse.
Of course many efforts have been devoted to minimize or even eliminate the necessity of sample treatment. A good example is the use of electrical arcs or sparks for vaporization and excitation of conductive samples such as metallic alloys. With the limitation of applicability to conductive samples, the technique of the classic spectrography, carried out with modern instrumentation, is capable of producing impressive results and portable instruments have been developed to permit in situ analysis with high precision and accuracy, although with only moderate detectivities.
This review describes a modern analytical technique based on emission spectroscopy that employs a short pulse of high energy radiation generated by a laser focused on a sample, in order to attain representative vaporization and excitation. The technique is named Laser Induced Breakdown Spectroscopy (LIBS) and numerous reviews [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] and three recent text books [12] [13] [14] have already been published addressing both general and specific aspects, in the relatively short period after the technique had undergone a renewed interest in the beginnings of the eighties. On the other hand, the technique has recently experienced an exponential growth in interest, reflected by an increasing number of publications, and, apparently, its niche in the general field of Analytical Chemistry are ready to be defined. Therefore, the expectation of the present review on the fundamentals, instrumentation and applications of LIBS, including most recent achievements, is to help those who want to be introduced to the technique while providing up-to-date information on instrumentation, applications and its real potential for micro and remote essentially non-destructive and direct analysis.
LIBS technique outline
Simplicity is one of the main characteristics of a LIBS system. The necessary instrumentation can be summarized as depicted in Figure 1 , as a short duration (ca. 5 ns or shorter) pulsed laser, a focusing lens, collecting optics for the emitted radiation, a wavelength analyzer and a detector, all computer controlled. The simplest way to produce the analytical information (spectral lines of emission generated by the analytes) using LIBS is to fire a single laser pulse on a solid sample. The impinged radiant energy of the pulse must be higher than the breakdown energy for the sample material. Thus, in the first instants, the atomic and molecular structure of the sample will be broken and heated, causing vaporization of a small fraction of the material (from hundreds of ng to a few µg). This vaporized material may contain free neutral atoms, ions, molecular fragments and free electrons. Further the incoming energy of the same laser pulse can sustain high temperature plasma (> 10,000 K) in which the vaporized species can be excited and return later to their less energetic levels by emitting electromagnetic radiation. These wavelengths can be selectively associated to the presence of the analytes and whose intensity is proportional to their content in the sample. Despite being generated by distinct phenomena, data analysis and interpretation are made much in the same way as in the old arc/spark excitation spectroscopy as well as in modern ICP OES instruments. Of course, the sample, in the case of LIBS, does not need to be conductive.
Historical summary
The laser is the fundamental and distinctive part of the LIBS instrument. Therefore, this technique's history passes, initially, by the theory of stimulated emission of radiation proposed by Einstein early in 1917, 15 which later made the laser existence possible. The first insight on a laser operating in the visible spectrum range was due to Shawlow and Townes in 1958 . 16 Maiman constructed the first ruby laser employing optical pumping in 1960 17 and The first commercial instruments were fabricated by Jarrell-Ash and Carl Zeiss in the beginning of the 70's. However it should be mentioned that these instruments employed the energy of the laser pulse only to ablate the sample while excitation was made by an electric arc.
The advent of more stable, fast and robust lasers, with better beam quality, high resolution/wide spectral range dispersion optics (such as the echelle based spectrographs), and sensitive gated image detectors based on arrays of intensified charge coupled devices (ICCD) provided strong impulses towards improving and applying LIBS since the beginning of the 80's. 21, 22 The last 26 years have witnessed the results of the efforts made by a number of companies and research laboratories towards the development of commercial instruments, of new applications and of theoretical models providing a profound insight into the fundamentals of LIBS and associated phenomena. In the last decade, for instance, the number of papers related to fundamentals and applications of LIBS reached about 600. The number of papers published on LIBS during the year of 2005 was about 350 and an exponential growth may be foreseen for this technique. 23 
The LIBS concept and related phenomena 1.3.1. Initiation of the induced plasma
Recently, it has been accepted that the acronym LIBS should be used to refer to the spectroscopic technique that employs a laser pulse as the only source of energy to simultaneously prepare the sample and produce an emission spectrum of analytical value. The name of the technique does not include a "plasma" term. The main reason for this omission is in the fact that the LIBS is not always characterized by plasma formation. A Debye number with values equal or higher than unity (in order to achieve a plasma condition) is not always observed in a LIBS experiment. Therefore the acronym LIPS where the "P" states for "plasma" is not recommended, 23 although it is still possible to find, in the specialized literature, papers employing this acronym for the same technique as LIBS.
The LIBS concept, which distinguishes the technique from others based on induced spectral emission, is that of using a laser pulse to ablate a minute quantity of the material to a condition that may then be excited by the energy supplied by the same pulse or by a subsequent pulse. This latter case involves the double-pulse technique, also described in this work. Of course, if the material is already in the gaseous phase, part of the energy does not need to be spent in sample vaporization. Many of the distinct characteristics of LIBS, such as its quasi-nondestructive and micro-analytical character, speed, in field and remote applications for both conductive and nonconductive samples, which can be liquids, solids and gases or even in aerosol forms, come from this concept.
The basic phenomena that need to be considered to understand and control a LIBS experiment for its evolvement into a useful analytical tool are: first, those related with the laser interaction directly with the sample; then, later, the laser interaction with the ablated material (electrons, molecules, atoms, ions and tiny particles) and the coupling of its remaining pulse energy are of primordial importance to reach a condition of reproducible and sensitive excitation and spectral emission.
The irradiance is a very important paramenter regarding the effects caused by the laser interaction with the sample and plasma evolution. The average irradiance of a stigmatic collimated pulsed laser beam at the focusing area (beam waist) is given by:
where I f is the irradiance (usually expressed in W m -2 ), E L is the energy of the laser pulse, D is the diameter of iluminated aperture of the focusing lens (or the laser beam diameter), τ L is the pulse duration, f is the lens focal length, λ is the laser wavelength, and M 2 is the the beam propagation ratio. For a beam ideally Gaussian, M 2 is equal to 1. Typical values for beams produced by Nd:YAG lasers are between 2 to 10. Fluence is the time integrated value in J m -2 . Figure 2 shows, schematically, what happens at and near the point where a short duration laser pulse of sufficient energy strikes the surface of a solid sample. The sequence of events starts with the breakdown of the material, local heating occurs and a high pressure vapor is produced while a shock wave, propagating at supersonic speed, is created as the vapor expands. This initial interaction of the laser beam with a material is not a simple matter and depends on many characteristics of both the laser and the material. From this first moment on, the evolution of the plasma depends on a series of other factors related, for instance, to the irradiance of the laser (W m composition and to the composition and pressure of the atmosphere surrounding the sample, as well as, to the laser wavelength.
The breakdown of the target material, occurring at the initial moments after the laser pulse strikes the sample target (up to few ps), is reached when the density of free carriers (electrons) reaches about 10 18 cm -3 .
The existence of such a quantity of free electrons promotes a high optical absorption in the plasma, allowing it to be extended in direction of the beam which sustains it for the remainder of the laser pulse. 9, 12 Researchers committed to studying this stage of lasersample interactions agree that the way the plasma is initiated differs for different media. If the target material is a gas, seed electrons will be generated by multiphoton absorption or cascade ionization. The tunnel effect can contribute when irradiances above 10 12 W cm -2 are employed. Cascade ionization will start if, at least, one free electron is present in the path of the laser beam. This electron can be produced by the effect of cosmic ray ionization or by means of a breakdown induced in a gas impurity. This electron will gain energy by means of inverse bremsstrahlung (photon energy from the laser beam transferred to continuously increase the kinetic energy of the electrons). 24 The energetic electrons will induce, by collision, the ionization of other atoms whose electrons will continue to absorb energy from the laser, causing an exponential increase in the number of free electrons.
Multiphoton absorption causes ionization if the sum of the energy of the absorbed photons is greater than the ionization potential of an atom. Only short wavelength photons can supply such energy as the ionization potential for most gases are greater than 10 eV. Meanwhile, the probability of simultaneous absorption of photons decreases with the number of photons necessary to cause ionization. Therefore, this phenomenon can play a relevant role in the generation of free electrons only if the laser beam is of short wavelength or if the gas is at low density when the collision-based cascade ionization diminishes.
When the target sample is a liquid, the mechanism of breakdown is not as well known as in the gas case. The liquid is treated as an amorphous solid and its electron movement is quite complex. 25 However, the formation of an initial number of free electrons is described by the same type of interactions, based on cascade ionization or multiphoton absorption.
For solid samples their conductive (metallic) or nonconductive (isolator) nature is relevant to define the mechanism of initiation of the laser-induced plasma. For metallic samples, electrons of the conduction band absorb laser photons and the energy of excited electrons is dissipated by their collisions with the lattice of the material. This is a thermal conductivity phenomenon. Direct absorption of the laser energy by the ions in the lattice is prevented by the dielectric screening provided by the electrons.
In semiconductor and isolator solids the creation of electron-hole pairs by multiphoton absorption, instead of the electron heating that occurs in metals and their recombination, among other electron-lattice interactions, is considered one of the main mechanisms of energy dissipation acting during the initialization of the plasma in this type of material. 26 
Plasma evolution and termination
Although the initial phenomena involved in the establishment of the initial breakdown plasma differ as a function of the nature of the target sample, its further evolution apparently occurs in a similar way. The ablated material expands at supersonic velocities producing a shock wave which propagates from the surface towards the surrounding atmosphere. The laser plume continues to absorb energy from the laser during the duration of the pulse, the species are excited producing an emitting plasma that is visible to the naked eye. Then the plume starts to reduce its velocity of propagation due to collisions with the surrounding gas, and slows down to speeds close to that of sound. The plasma will then cool down by self absorption (quenching) and recombination between electrons and ions, generating neutral species and clusters after plasma extinction.
A typical time elapsed since the initiation of the process of plasma formation, shortly after the laser pulse reaches the sample surface, till its extinction, is from a few tenths of microseconds to a few milliseconds.
Ablation
Ablation is the sampling process of the LIBS analytical technique when applied to solid or liquid samples. 27 It limits the amount of constituents (analytes) that will be detached from the sample by the laser pulse and introduced into the Figure 2 . Sequence of events following the striking of a focused short laser pulse (ca. 5 ns) on the surface of a solid sample. The thick arrow represents the laser pulse and its length the pulse duration. e -, free electrons; i, ionic species; a, atomic species; m, molecular species; *, excited species.
induced plasma, contributing to its formation and expansion by supplying the neutral and ionic species that, together with the free electrons, will sustain the plasma by means of laser absorption (multiphoton ionization or inverse bremsstrahlung). In fact, if a plasma is formed in a surrounding medium of gaseous species with high ionization potential (helium, for instance) the only way it can be sustained is by means of the presence of the ablated material.
Similar to any other analytical sampling process, the ablated portion of the sample should be representative of the original sample, independent of whether micro or bulk analyses are being considered. It means that this process can not induce fractionation of the sample constituents, altering their composition in the ablated material in relation to that in the original sample. Of course, adequate calibration can overcome this problem by correlating the composition of the ablated material with that of the sample by means of the use of reference standards which match the samples.
Ablation has been the subject of many studies, both theoretical and experimental, whose main objectives are to understand the relationship between the various instrumental parameters (pulse duration, laser wavelength and pulse irradiance and fluence), sample characteristics (thermal conductivity, thermal diffusivity, surface reflectivity, optical absorption coefficient, melting and boiling point), environmental atmospheric composition and the amount of ablated material. 28, 29 Remarkable differences are observed when the pulse duration is reduced from nanoseconds to pico and femtoseconds. 28 For the shorter pulses the time scale approaches or is below the phonon relaxation time. It means that the energy of the laser pulse must be transferred to the material before it can reach the thermal equilibrium. The ablation process is more related to photo-physical rupture of bond than to the thermal melting, boiling and vaporization found with the nanosecond time scale. It is advocated that ablation produced by such short laser pulses can avoid or minimize fractionation and contribute to the reproducibility of the LIBS signal. Another interesting characteristic of the femtosecond pulses is that the induced plasma expands very quickly (at least at an order of magnitude faster than with the nanosecond scale) because it is not reheated by absorption of the laser beam. The emission line intensities, of course, also decay faster and over a negligible background (low bremsstrahlung emission) eliminating the necessity of using time resolved detectors.
Plasma shielding
Another relevant phenomenon occurring during plasma expansion is related to its capacity of impeding the remainder of the laser pulse energy from reaching the sample surface. The phenomena is called plasma shield and its immediate effect is to reduce or stop the ablation of the sample after plasma induction. 30 If the plasma shielding occurs too early, the mass ablated may not be enough to produce a measurable analytical signal. The main process leading to plasma shielding is absorption of the laser energy by the electrons (inverse bremsstrahlung) and multiphoton ionization (mainly for shorter laser wavelengths). For instance, if the atmosphere surrounding the sample is argon (a gas with a low ionization potential), the plasma shielding is stronger than if helium (high ionization potential) is employed. Emission signals about 16 times higher were observed for copper emission from a pure metallic sample when helium replaces argon as the atmosphere gas in a LIBS experiment. 31 The crater volume eroded in the sample is proportionally higher for the experiment made in a helium atmosphere. The presence of an easily ionizable gas assists by increasing the electron density of the plasma due to collisions between ablated atoms, electrons and ambient gas. The increased electron density intensifies the laser absorption, causing shielding.
The large reduction of interactions among neutral and ionized species and electrons when ultra-short (fs) pulses are employed explains the low plasma shielding observed for LIBS carried out with laser pulses in the range of hundreds of femtoseconds. 7, 9 In principle the plasma shield can be taken as an undesirable phenomenon preventing LIBS from reaching better detectivity, by decreasing the ablated mass from a sample. However, it should be pointed out that when the absorption of the laser radiation occurs in the shielding process, it gives rise to a higher plasma temperature which can increase the emission intensity and dissociate any tiny particle that has been ablated.
The collective behavior of the optically dense plasma obtained at high power density defines a plasma resonant frequency, υ p, given by υ p = (4πn e e 2 / m e ) ½ = 8.9 x 10 3 (n e ) ½ (2) in which n e is the electron density (cm -3 ), in the plasma, e, is the electron charge, and m e , is the electron mass. There could be a critical electron density for what the plasma frequency equals the laser frequency, υ l , (υ p = υ l ). At this point the laser radiation is strongly absorbed by the plasma. When υ l < υ p , the laser radiation is reflected by the plasma. Both phenomena reduce the mass ablated from the sample.
After the plasma has been initiated, the electron density can reach values as high as 10 23 in few picoseconds.
Considering the critical electron density for the wavelength 1064 nm is about 10 21 cm -3 , the remainder of a typical fundamental Nd:YAG laser pulse (5 ns, 1064 nm) will be reflected by the plasma surface as long as this density can be sustained.
Theoretical studies and calibration-free LIBS
Theoretical studies related to LIBS are carried out by means of models proposed to account for the effect of relevant factors associated with laser parameters, the sample and its environment. 29, [32] [33] [34] [35] [36] [37] Then, the results predicted by models can be evaluated against experimental data. 29, 32 There are two motivations to theoretically study plasma formation and its optical properties. One is to better understand the phenomenon of plasma formation and evolution and the generation of the analytical spectral emission signal. A good model should be able to predict accurately the spectral distribution of the emitted radiation. The other is related with the search for absolute analysis, the so-called "calibration-free LIBS".
The models continue to be improved and more and more effects are added to improve comparisons with the experimental results. For instance, in a recent paper 28 a model to describe the role of laser-induced melting and vaporization of metals during LIBS analysis considered: (i) laser-solid interaction, melting and evaporation of the metallic sample, which is described with a 1-D heat conduction equation; (ii) vapor plume expansion at an ambient pressure of 1 atm, calculated with fluid dynamics equations, such as continuity equations of vapor mass density, total mass density (vapor + atmospheric gas), momentum (Navier-Stokes) and energy; (iii) plasma formation in the expanding vapor plume, where (because of the collisional regime) the local thermal equilibrium (LTE) approximation was made, which allows the degree of ionization to be calculated with the Saha equation; (iv) laser-plasma interaction due to inverse bremsstrahlung and photo-ionization, which results in plasma shielding of the incoming radiation of the laser pulse. However, the authors recognized that other processes such as nanoparticles formation, splashing of the molten target and explosive boiling of the target, may play an important role in the way that the laser interacts with the sample and that the plasma evolves. Probably these and many other factors will be included in future papers addressing theoretical studies of LIBS in order to describe the induced plasma more accurately.
Models that include the capacity of predicting the temperature, electron density, dominant broadening mechanism (collision or stark), the temporal evolution of the plasma temperature, the spatial and temporal distributions of atom, ion, electron densities and the plasma spectrum in a pre-selected wavelength window are now being developed. 38, 39 These models, which supply a theoretical way to link the observed spectral features to the plasma composition, make absolute analysis (calibration-free LIBS) a more and more realistic issue.
The plasma experimental parameters are usually estimated from spectroscopic data generated by the plasma itself, namely by the line intensities and their ratio which reflect the relative population of neutral or ionic excited species in the plasma. The more relevant parameters are the plasma temperature (T), and electron density (n e ).
The plasma temperature can be estimate from the Boltzmann and Saha equations. The first applies for the relative population of energy levels of one species, while the second applies for the neutral and its ionic forms distribution. The use of the Boltzmann distribution results in the following equation,
where I'and I are the line intensities (or integrated line intensities) for a given species, g and g' are the statistical weights of the levels, E and E' are the levels energy corresponding to the emission lines, k is the Boltzmann constant, A is the transition probability, and T is the plasma tenperature. Equation 2 can be employed to determine the temperature by the two line intensities method. However, the measurement of relative intensities is difficult to access with precision. Therefore, the temperature can be found more precisely if multiple measurement of lines intensities are made and a graph is produced as result of the equation below,
where I is the line intensity, λ, is the line wavelength, E is the energy of the upper state, Z is partition function usually taken as the statistical weight of the ground state, h is the Planck constant, c is the light speed, and N o if the population of the ground state. The graph of the rigth term against E will result in a straight line whose slope is -1/kT. The Saha equation also can be employed for the estimation of the plasma temperature. The equation is,
where N(Z,0) is the population of the ground state of the ion stage Z, N(Z-1,0) is the population of the ground state of the 469 Pasquini et al. Vol. 18, No. 3, 2007 ion stage Z-1, m is the electron mass, ΔE is the ionization energy of stage Z relative to stage Z-1 and n e is the electron density of the plasma. In order to make use of this equation n e must be estimated from other experimental data.
The experimental estimation of the electron density of the plasma is made by means of measurements of some emission line widths. The effect of the electron density on the line width, knowing as Stark effect, allows relating these parameters by the equation, 10 16 )w (6) where w total is the line half-width at half maximum (HWHM), P is a parameter giving the ion contribution, r is the ratio of the mean distance between ions to the Debye radius and w is the HWHM Stark width caused by the electron density. The values for w can be found in the literature for P = 0 and n e = 10 16 electrons cm -3 . In the field of calibration-free LIBS, it is possible to find some papers employing the experimental results (line emission intensities, for instance) to directly infer the constituent concentrations of the ablated sample. For instance, it has been demonstrated that the analysis of 9 elements in an aluminum alloy can be carried out by employing the spectral line intensities detected from all constituents of the sample over a wide spectral wavelength range and plotting a family of Boltzmann curves. 40 An improved procedure was developed to account for line self absorption (a effect that induces non-linearity to the analytical curve) and applied to the analysis of steel, with even more success. 41 Research in the field of calibration-free LIBS will certainly continue to grow and it represents a very interesting aspect of the technique with respect to overcoming one of its drawbacks related to severe matrix effects the characteristics of the sample can impose on the emission spectra.
One important factor to be considered in calibrationfree analysis by LIBS is fractionation. If the relative composition of the analytes in the plasma is altered by the ablation process (something that is more than reasonable) then only theoretical models capable of including such effects will permit accurate calibration-free applications. However, this sort of drawback may be minimised, in the future, via instrumentation, by employing shorter pulse (fs) lasers that minimize fractionation. 42 Figure 3 shows typical LIBS signals obtained by shooting pulses of 5.5 ns of a Nd:YAG laser of 120 mJ at an irradiance of about 16.7 x 10 10 W cm -2 onto the surface of a sample of copper foil. The signals were obtained by integrating the emitted radiation for 1 µs after 10, 100, 1,000, 2,500 ns of the laser shooting.
LIBS analytical signal
The intense continuous background, due to the major bremsstrahlung emission mechanism, predominates at the first instants of the plasma life. Emission lines are broad mainly due the stark effect caused by the high density of free electrons. However, after a few hundreds of nanoseconds, characteristic atomic lines can be very clearly distinguished as the free electrons start to be captured by ions and neutral atoms and the highly excited species decay to lower energy levels. At the same time, line narrowing is observed as the major effects causing line broadening (collision and stark) become weaker. As the plasma expands and cools the relative intensities of the emission lines can change due to energy distribution among the plasma species. Finally after a while, the emission signal is representative only of the most persistent lines of the elements present in higher concentrations in the sample.
The ability to monitor the emitted radiation with time resolution of nanoseconds results in a useful way to select the most informative and reproducible sampling time window of the whole life time of the plasma. Some authors have named this technique Time-Resolved Laser Induced Breakdown Spectroscopy (TRELIBS). 43, 44 Modern detectors, described in the next section, based on ICCD technology are capable of achieving such temporal resolution and are contributing to make LIBS into a more useful analytical tool. With common lasers such as Nd:YAG and with pulse durations in the range of few nanoseconds, TRELIBS has become the most popular way to improve the analytical performance of the laser induced plasma spectrometry.
The use of time-integrated spatially resolved LIBS (TSRELIBS) has also been employed to sample the plasma plume in a region where background radiation is not intense. 45 Despite this approach can simplify the LIBS instrumentation by preclude the use of expensive gated detectors, it has not achieved the same popularity of TRELIBS due the physical instrumental modifications (positioning of the collecting optics) that need to be implemented during signal optimization. On the other hand, the control of the delay time after shooting the laser pulse is, by far, simpler and already included in the software of the gated cameras.
Once optimized for a given sample type and for one or more analytes, the LIBS spectra present very good selectivity and line intensities, measured as peak height or area and provide quantitative analytical information. Therefore, data treatment is very simple for most of the applications. The severe effects of the sample matrix can be overcome by employing matched standards, while the lack of reproducibility of the emission intensity associated with instrumental variations can be corrected by the use of an internal standard, where intensity ratios (analyte/ internal standard) are used to construct the analytical curve instead of absolute peak heights.
Instrumentation
Song et al. 6 have recently published a review specifically about the instrumentation used in LIBS, though several other reviews [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] about LIBS applications also discuss the instrumentation related to this technique. In addition, reviews about general spectroscopic instrumentation, detectors for spectrometry, and lasers are Figure 3 . Set of spectra obtained for a time resolved LIBS experiment after six laser pulses fired on a fresh surface of a 1.0 mm thick copper foil. Each spectrum was obtained by integrating the emitted radiation for 1 µs after a variable delay time had elapsed after the laser pulse was applied. Laser: Nd:YAG, 120 mJ pulse 471 Pasquini et al. Vol. 18, No. 3, 2007 very useful for understanding the principles of operation of some devices used in LIBS instrumentation. [46] [47] [48] [49] [50] [51] [52] [53] [54] As a typical LIBS instrument is made up of well defined parts, including a laser source for sample ablation and excitation, an optical system for driving and collecting the laser and plasma radiations, a wavelength analyzer, and a detection system, the following sections will describe the instrumentation in this sequence, highlighting the technological advances of recent years. Two additional sections describe mobile instruments, due to the increasing interest in this area, and commercial instruments, which, after a premature commercialization in the 1960s and 1970s, have only recently become available again.
Lasers
A laser source is basically constituted of an active medium, where the laser radiation is generated (by energy decay of an excited species) and amplified by a process called light amplification by stimulated emission of radiation (giving origin to the acronym LASER), and an excitation source for this active medium. The active medium is placed between two dielectric coatings (mirrors), constituting the so-called laser cavity, where one of them is highly reflecting at the laser radiation wavelength (rear mirror) and the other one is partially reflecting (output mirror) so that the laser beam can be extracted. As a result, the generated radiation passes through the active medium several times, re-exciting it and, if the energy losses in this process are lower than the gain, the final emitted radiation is amplified. The active medium can be a gas, such as CO 2 , N 2 , a combination of He/Ne, or excimers (a halogen bonded to a noble gas); a liquid, such as an organic dye solution, giving origin to dye lasers; or even a solid, such as ruby (a Cr 3+ -doped aluminum oxide crystal), Ti:saphire (a Ti 3+ -doped aluminum oxide crystal), Nd:YAG (a Nd 3+ -doped yttriumaluminum garnet crystal), giving origin to solid state lasers. The active medium can be excited, for instance, by an electrical discharge, common for gas lasers, or the incidence of photons, more used in solid state lasers. The excitation by photons is made using lamps, called flashlamps (such as a xenon glow discharge lamp), and, more recently, another laser, such as a diode laser (a laser whose cavity is placed within a light emitting diode). 5, [51] [52] [53] [54] As the LIBS technique involves the application of a laser pulse on a sample surface, the laser source must employ some mechanism to extract a pulse of radiation with a reproducible duration time, also called pulse duration, from the laser cavity. This can be made simply by pulsing the flashlamp, where the laser pulse will be produced as long as the energy amplification in the cavity is above its losses until the end of the flashlamp pulse, or, in a more complex way, by techniques such as modelocking, much employed in ultra-short pulse lasers (discussed later), and Q-switching. Both can be active or passive. Q-switching is based on preventing radiation amplification from successive traveling in the active medium by increasing the energy losses and, suddenly, enabling emission by fast loss reduction. [51] [52] [53] [54] [55] In active Q-switching, the variation of the energy losses is made by a combination of a polarizer and some device for polarization rotation inside the laser cavity, between the active medium and the rear mirror. 51 Therefore, after the initially generated radiation passes through the polarizer, becoming polarized, the switching between no polarization rotation and 90 o rotation enables fast switching between activation and deactivation of the laser beam, allowing the production of laser pulses with a few nanoseconds of pulse duration, up to tens of hertz of pulse repetition rates, and up to hundreds of millijoules of pulse energy. The polarization rotation can be made by an electro-optical device (used in almost all papers employing active Q-switching) such as Pockel's cell or an acoustooptical device, 56 which are based on the interaction between the electromagnetic radiation and an electrical or acoustic wave, respectively, propagating in a crystalline medium.
In passive Q-switching, a material acting as a saturable absorber is placed between the active medium and the output mirror. As its name indicates, this material has the property of absorbing the electromagnetic radiation in an amount that increases less and less while the radiation intensity increases, that is, the differential increase decreases until total saturation of the absorber. 55, 57 In this way, it absorbs the initial laser emission, increasing the energy losses in the laser cavity, but without preventing the amplification of the laser radiation in the active medium, so that the radiation increases until reaching a threshold energy that promotes the total saturation of the absorber, decreasing the energy losses and allowing the production of a laser pulse. Passive Q-switching is much employed in Nd:YAG lasers or similar solid state lasers, using a solid state saturable absorber, such as Cr
4+
:YAG, and by putting similar wafers of the gain medium and the absorber together in a single chip, giving origin to microchip lasers. 55, 58 Alternative approaches are the use of a single material acting as active medium and saturable absorber, 59 the growth of one material on another, 60 and the use of semiconductor saturable absorbers. 61 These devices are pumped by a diode laser (excitation source) and the increase of the pumping power changes the pulse repetition rate, leaving the other pulse parameters unchanged, such as the pulse energy and the pulse duration, which are extremely stable. Microchip lasers present lower pulse to pulse amplitude variation (by one order of magnitude), higher repetition rates (up to tens of kilohertz), and lower pulse durations (low to hundreds of picoseconds) than do solid state actively Q-switched lasers. 55, 57, 62 On the other hand, they produce pulses with lower energies (generally up to hundreds of microjoules for each pulse), which can be partially compensated by the high laser beam quality (described by the beam propagation ratio, M 2 , discussed below), allowing focusing to a micrometer sized spot (compared to spots of tens of micrometers generally obtained with solid state actively Q-switched lasers), 57, 63 which increase the energy and power delivered per surface area (called fluence and irradiance, respectively).
Recently, Noll 23 proposed that papers dealing with LIBS should report, in addition to such basic information about the laser source as the wavelength and pulse duration, at least the irradiance, the beam diameter at the sample surface, and the detection timing (discussed in the section called Detecting Systems). The beam diameter describes the extent of an energy density distribution in a cross section of the beam at an axial location. As the laser beam is commonly conducted to the sample surface using some kind of convergent lens, several papers also inform the beam diameter at the focus, called beam waist diameter, and the position of the beam waist in relation to the sample surface, called beam waist position. Another important parameter of a laser source is the beam propagation ratio, which is related to the quality of the laser beam produced. The beam propagation ratio of a laser attains the minimum value 1 for an ideal Gaussian distribution of the energy density at the cross section of the laser beam (highest beam quality). Lasers typically used in LIBS present beam propagation ratio values ranging from 2 to 10. In relation to the laser pulses, it is also important to report the number of warming-up pulses, used to stabilize the thermal state of the laser (blocked so as not to irradiate the sample), the number of pre-pulses, applied to the sample in order to remove surface contaminations or surface layers, and the number of measuring pulses, employed to generate plasmas whose emission is acquired and analyzed.
Historically, different kinds of laser have been used for LIBS applications. The initial LIBS experiments were carried out using a 694 nm ruby laser with 50 ns pulse duration by Brech and Cross in 1962. 18 The lack of control of pulse to pulse stability of these laser sources led to the development of gas lasers and, in 1980s, solid state lasers. 5 Nowadays, although several LIBS applications employing gas lasers can be cited, [64] [65] [66] [67] [68] and, in spite of the advantages of using ultra-short pulse lasers (discussed later), the more used laser source in LIBS is the Nd:YAG solid state laser, especially the actively Q-switched one. In addition, the use of diode pumped Nd:YAG laser sources instead flashlamp pumped ones is increasing, even with the higher costs of the diode pumped ones, due to their reduced dimensions, better pulse-to-pulse reproducibilities and lower beam propagation ratios (down to 1.3). 23 Illustrations of a flashlamp pumped actively Q-switched solid state laser and a diode pumped microchip laser are shown in Figure 4 and photographs of craters produced by one and one thousand consecutive laser pulses on a surface of a steel sample, by a flashlamp pumped actively Q-switched Nd:YAG laser (1064 nm, 5 ns pulse duration, 120 mJ pulse energy), are shown in Figure 5 . For the microchip laser represented in Figure 4 , the rear mirror must be transparent to the wavelength of the radiation emitted by the diode laser (different from the wavelength of the radiation produced by the microchip laser), so that the active medium can be excited.
The laser wavelength depends on the transitions from higher to lower energy levels in the laser cavity, resulting in emission of radiation, which depends on the composition of the active medium. For instance, CO 2 lasers emit in the mid-infrared (MIR) spectral region, 64 excimer and N 2 lasers emit in the ultraviolet (UV) region, [65] [66] [67] [68] and Nd:YAG lasers emit in the near-infrared (NIR) region. One paper illustrates the energy transitions in the Nd:YAG active medium showing the main transition that gives origin to the radiation at 1064 nm. 50 The laser wavelength 473 Pasquini et al. Vol. 18, No. 3, 2007 can also be changed to lower values by simply placing a wafer of an appropriate non-linear optical crystal, such as potassium titanium oxide phosphate (KTP) or beta barium borate (BBO), at the output mirror of the laser. 55, 69 This is very useful with solid state lasers, such as the Nd:YAG laser, where the frequency of the laser radiation can be multiplied, enabling wavelength conversion from NIR down to the UV region, by placing one or more optical modules, each containing a piece of an appropriate nonlinear optical crystal, at the laser output. Reviews about non-linear optical crystals used for laser wavelength conversion can be found in literature. 70, 71 In LIBS, the laser wavelength, or the photon energy of the laser, affects the processes taking place in the formation of plasma, such as the creation of initial free electrons, and the laser-plasma interaction. It is recognized that the leading part of the laser pulse produces the plasma while the trailing part interacts with it by means of laser absorption. The formation and growth of free electrons and plasma initiation occur mainly by multiphoton ionization when using lasers emitting in the UV region whereas cascade ionization is the prevalent mechanism when using lasers emitting in the infrared (IR) region. After plasma formation, absorption of the laser radiation in the plasma occurs mainly by inverse bremsstrahlung absorption, which increases as the laser wavelength increases. 24, [72] [73] [74] As a result, a UV laser pulse favors higher increasing rates of surface temperature and higher maximum surface temperatures (higher energy reaching the sample surface) and an IR laser pulse allows higher maximum plasma temperatures, higher maximum electron densities and higher plasma expansion (higher energy absorption by the plasma and greater laser-plasma interaction). 75, 78 This leads, in general, to a higher ablation efficiency (amount of mass removed per unit energy delivered) and reproducibility, a lower fractionation and a lower background continuum emission when using UV lasers, as described by several papers, 27, [76] [77] [78] [79] and lower threshold fluences (minimum fluence to achieve ablation or a measurable emission signal) when using IR lasers, as described by Cabalín and Laserna 80 in the analysis of different metals and by Gómez et al. 81 in a study of removing graffitis from urban buildings. They also reported lower matrix effects due to different melting points of the metal samples and a higher removal efficiency of graffitis when using IR lasers in comparison with UV lasers. In addition, a UV laser beam generally can be focused to lower spot diameters on the sample surface. 80, 82 That is why UV lasers are more used when a higher spatial resolution is required, as in microanalysis for surface mapping. 83 In spite of these differences, Cabalín et al. 82 reported similar analytical figures of merit (analytical curves, correlation coefficients, linear dynamic ranges, analytical precision and accuracy) when comparing the use of UV and visible laser radiation for the quantitative analysis of 4 minor elements in stainless steel samples when internal standardization (using a Fe line) was employed. In addition to several papers dealing with comparisons between laser wavelengths ranging from UV to NIR for LIBS applications, cited previously, Detalle et al. 84 published one of the few papers comparing a Nd:YAG laser at its fundamental emission (1064 nm) with a laser emitting at a higher wavelength, in this case a 2940 nm Er:YAG laser, using air and helium atmospheres. Although the pulse durations of the lasers were very different, which notably influenced their comparison, they reported a higher increase of emission lines and a higher increase of the maximum plasma temperature by changing from air to a helium atmosphere and a higher linearity when using the Er:YAG laser for the quantitative analysis of Mg and Si in aluminum alloy samples.
The laser pulse duration is given by the full width at half maximum (FWHM) of the pulse profile (laser energy versus time). 23 In LIBS, the pulse duration also affects plasma formation and properties and, therefore, the analytical results. Although most papers dealing with LIBS still employ lasers with pulse durations on the order of nanoseconds, using gas lasers and, mainly, Nd:YAG lasers, lasers with pulse durations on the order of femtoseconds, called ultra-short pulse lasers, have became available in recent decades and their application in LIBS have increased over the last years. These lasers generally employ modelocking techniques in order to extract the ultra-short laser pulses. Initially, active and passive mode-locking techniques were used, which are similar to those of active and passive Q-switching, but employing a periodic variation of the energy losses (loss modulation) above and below the constant cavity gain, with a shorter time below the gain (which defines the pulse duration) and a period depending on the cavity length and the propagation velocity of the laser pulse (cavity round-trip time). [52] [53] [54] The first modelocked lasers were developed in the mid-1960s using ruby or a Nd:Glass (a Nd 3+ -doped silicon oxide crystal), enabling the production of laser pulses with durations on the order of picoseconds for the first time. 85, 86 The first femtosecond lasers were colliding-pulse mode-locked dye lasers, which also employ a dye-chain amplifier for energy amplification, developed in 1980s, and allowing pulse durations down to 30 fs. 87, 88 However, self mode-locked (a kind of passive mode-locking using the called Kerr lens inside the laser cavity) Ti:sapphire lasers, which are easier to use and now allow application of laser pulses with pulse durations down to a few femtoseconds, are replacing dye lasers for ultrashort pulse applications ever since their development in the early 1990s. 89, 90 In addition to the improvements in the laser cavity and in the mode-locking techniques, energy amplifiers based on the technique of chirped pulse amplification have replaced the dye-chain amplifiers used in the past. Chirped pulse amplification is based on stretching the laser pulse, which leads to a reduction in its maximum intensity, followed by its amplification and a subsequent recompression back to the femtosecond scale. 52, 90, 91 In recent years, most papers dealing with ultrashort pulse lasers applied to LIBS use the self mode-locked Ti:saphire lasers employing chirped pulse amplification. 75, [92] [93] [94] [95] [96] In LIBS, when a laser pulse with a duration on the order of femtoseconds is applied to the sample, as this time is shorter than the thermal coupling time constant in matter (about 1 picosecond), the mechanisms leading to plasma formation are dominated by multiphoton ionization over thermal decomposition, with a subsequent plasma decrease without further interaction with the laser pulse. 97 This results, for LIBS applications, in comparison with nanosecond lasers, in higher ablation efficiencies, lower maxima and faster decreases in plasma temperatures. 98, 99 In addition, as the pulse energy is delivered over a very short time duration, higher irradiances are achieved with lower ablation threshold energies. 92, 100 The higher ablation efficiencies are due to a precise material removal by explosive ejection of matter practically without any thermal (such as melting) or mechanical damage to the sample surrounding the ablated region, 101, 102 leading to higher repeatabilities on successive ablations and lower relative standard deviations (RSD) on emission measurements. The lower plasma temperatures lead to lower blackbody (fourth power temperature dependent) and background emissions, 94, 95 allowing the detection to start earlier after the application of the laser pulse (sometimes without any time delay), 93, 94 and practically negligible emission from the surrounding atmosphere. 92, 95 As thermal decomposition does not take place in plasma formation and the melting and boiling points of several compounds are not achieved by the lower plasma temperatures, a differential thermal evaporation of the compounds present in a solid sample, for instance, is minimized, and lower matrix effects also might be expected. In addition, although Rohwetter et al. 92 have reported higher crater diameters and higher mass removal rates from ablation using femtosecond pulses, the lower ablation threshold energies in femtosecond laser pulses allow the use of lower pulse energies, decreasing the diameters of the ablation-produced craters and increasing the space resolution in microanalysis for surface mapping. 96 Another feature, reported by Baudelet et al., 95 is the production of more molecular species by femtosecond pulses than by nanosecond ones, leading to the observation of more molecular bands in the emission spectra, which is very interesting for applications using biological samples. In spite of these advantages, Le Drogoff et al., 94 in a comparison between 3 pulse durations ranging from femtosecond scale to hundreds of picoseconds, reported the occurrence of a higher self-absorption for some emission lines in copper and aluminum alloy samples when using the femtosecond pulse, similar limits of detection (LOD) for the different pulse durations when using gated detection in optimized conditions, and lower LOD for 2 ps pulse duration when using non-gated detection (no time delay between the laser pulse and start of detection; see section on Detecting Systems for a detailed description of gated detection). Rieger et al. 103 reported similar background emission and line intensities for pulse durations of 50 ps and 10 ns at energies significantly above the breakdown threshold in silicon and aluminum samples. In addition, Sirven et al. 93 reported similar background and line intensity-related temporal decays for a given fluence using pulse durations of 100 fs and 10 ns, in spite of the higher maximum background intensity when using the nanosecond laser pulse, in aluminum samples.
Although femtosecond lasers have overcome some of the limitations inherent in the LIBS technique, their high 475 Pasquini et al. Vol. 18, No. 3, 2007 costs, complexity, power demands and skill requirements still limit a wider use of them in LIBS. An alternative approach for improving some figures of merit of the LIBS technique is the use of double-pulse or multi-pulse excitation. In double-pulse LIBS, a second laser pulse is applied after a delay time from the first laser pulse, called interpulse separation, 23 re-exciting the region where the plasma generated by the first pulse was created and, sometimes, also the sample surface. There is some controversy in the literature about the maximum interpulse separation required for the effectiveness of double-pulse excitation. Although it was demonstrated that the long relaxation time of nitrogen oxides produced by the first laser pulse in air could prolong the existence of hot air in the region where the plasma was generated up to the millisecond scale, 104 Noll 23 proposed an interpulse separation up to 200 µs in order not to re-achieve a physical equilibrium in the region irradiated by the first pulse, whereas Scaffidi et al. 105 propose a time up to 100 µs, and Gautier et al. 106 suggest a time up to about 50 µs in order to produce emission enhancements in double-pulse LIBS. Double-pulse excitation can be applied by using two laser sources and some electronic device, such as a delay generator (see section on Detecting Systems for details), to trigger the application of the pulses and control the interpulse separation (used in the most papers), by using just one laser source emitting pulses at high frequency (to achieve the required low interpulse separations), 107 or by using just one laser source emitting just one pulse, which is divided by a beam splitter, with the application of one of the resulting two pulses optically delayed in relation to the other pulse.
108 Double-pulse LIBS also can be employed in different configurations, represented in Figure  6 , concerning the direction of propagation of the laser pulses and their temporal sequence. 23, 105 The orthogonal configurations differ from each other according to the sequential order of the pulses. In orthogonal re-heating, the first laser pulse is applied on the sample surface, perpendicular to it, and the second pulse, horizontal with respect to the surface, is focused slightly above it, in the region were the first plasma was created. In orthogonal pre-ablation, the first laser pulse is driven horizontally to the sample surface, being focused slightly above it, and the second pulse is applied on the surface, perpendicular to it, right below the region where the first plasma was created. Collinear is the configuration used in the most papers, because it enables an easier alignment of the laser beams, while the crossed beam configuration is the least used, though a recent paper effectively using this configuration can be cited. 109 112 All used the collinear configuration. Since then, several papers dealing with double-pulse LIBS have reported, mainly, higher intensities of emission lines, typically up to 2 orders of magnitude, and lower LOD, down to parts per billion (ppb) or sub-ppb, in comparison with single-pulse LIBS. 107, [113] [114] [115] [116] [117] [118] [119] [120] [121] [122] [123] [124] The first papers employing orthogonal configurations in re-heating and pre-ablation modes for double-pulse LIBS date from 1991 and 2000, respectively. 115, 116 Although most papers dealing with multi-pulse excitation employ the double-pulse approach, a recent paper have demonstrated emission measurements after seven excitation pulses, using a microchip laser with 25 µs of interpulse separation, reporting up to 129 fold line emission enhancements in comparison with the singlepulse approach. 107 It is important to point out that the analytical advantages of double or multi-pulse excitation cannot be explained just in terms of a higher total delivered energy due to the application of more than one pulse instead of just one, because some papers have also reported these improvements even when the total energy of a double or multi-pulse was the same of that of a single-pulse. 117, 118 Although the mechanisms leading to the analytical improvements of double-pulse excitation in LIBS are not yet completely understood, there is agreement in the literature about three possible main sources of these emission enhancements: (i) higher ablated mass; (ii) reexcitation of the material ablated in the first laser pulse by the second laser pulse with consequent higher plasma temperature and electron density in the second plasma; and (iii) physical and energetic effects associated with the formation of the first plasma, such as lower atmospheric pressure and atmospheric number density in the region where the first plasma was created and a higher sample temperature with the application of the second pulse, leading to a lower ablation and/or plasma threshold energy, also improving the ablation and increasing the plasma temperature. 105, 119 Besides, orthogonal re-heating and pre-ablation configurations appeared as attempts to study the second and third emission enhancement sources, respectively, separately, though there are indications that all of them coexist even in these configurations. Some papers also made use of laser pulses with different wavelengths or different pulse durations in double-pulse LIBS.
118,120-122 Gautier et al. 118 employed two Nd:YAG laser sources, emitting at 532 and 1064 nm, for a comparative study between the two orthogonal configurations for double-pulse LIBS, always using the visible laser pulse for ablation (first pulse in the re-heating mode and second pulse in the pre-ablation mode). They described, for the analysis of several metals in aluminum alloy samples, different optimal interpulse separations according to the configuration used, 200 ns for the re-heating mode and 15 µs for the pre-ablation mode, and observed a higher detectivity when using the re-heating mode. St-Onge et al. 120 employed two Nd:YAG laser sources for the study of Si and Mg lines (four atomic and ionic lines) in aluminum alloy samples by double-pulse LIBS in collinear configuration, varying the wavelength of the first and second pulses (UV + NIR, NIR + UV and NIR + NIR). Although they observed higher emission intensities using any of the double-pulse configurations in comparison with the single-pulse approach, they reported higher emission intensities for almost all lines studied and higher crater diameters when using the UV + NIR sequence, proving a higher ablation efficiency of the UV laser pulse and a higher re-excitation of the material ablated in the first pulse by the NIR pulse. Surprisingly, for one of the emission lines studied, they also applied the UV + NIR pulses simultaneously, without interpulse separation, obtaining emission enhancements similar to those of sequential double-pulse. Both papers cited here for doublepulse LIBS using different laser wavelengths also reported higher intensity enhancements as higher the energy of emission lines. 118, 120 Scaffidi et al. 121, 122 have employed a femtosecond laser pulse followed by a nanosecond pulse for the analysis of Fe and Cu in brass samples by doublepulse LIBS in orthogonal pre-ablation and collinear configurations. In the orthogonal pre-ablation configuration, they reported a decrease in the intensities of nitrogen and oxygen lines related to the presence of air associated with an increase of the atomic lines related to the ablated brass with an interpulse separation of up to 140 µs. In the collinear configuration, they studied two focusing positions, on the sample surface and slightly above it, reporting emission intensity enhancements correlated to the first plasma lifetime and correlated to nitrogen and oxygen atomic emission reductions, respectively. For underwater analysis, the analytical improvements of double-pulse LIBS are still more evident due to the strong confinement of plasma formation and to the much weaker emission signals in single-pulse mode. 123 In the double-pulse mode, the first laser pulse creates a gaseous cavity in the water above the sample surface, which is excited by the second pulse, increasing detectivity to a level comparable to that of single-pulse LIBS in air, 124 making the double-pulse LIBS also potentially useful for marine research.
Optical components and other parts
In addition to the laser source, to excite the samples, and the wavelength selector and detecting system, to analyze radiation emitted from the plasma in order to characterize the sample, a LIBS instrument requires optical components, used mainly to direct the laser radiation onto the sample surface and to collect the radiation emitted by the plasma and direct it into the wavelength selector.
One of the simplest optical configurations is to have the laser output directed perpendicularly to the sample surface, employing a lens to focus the laser radiation and another lens, tilted in relation to the axis of the laser beam, collecting the emitted radiation and focusing it onto the entrance of the wavelength selection device. 75 If the laser output is not directed to the sample surface, some kind of mirror, such as a dichroic mirror, or prism, such as a turning or folding prism, must be used to redirect the laser beam, initially traveling horizontal to the sample surface, for instance, to the focusing lens and sample surface. 83, 125, 126 The use of a microscope or just its objective lens to focus the laser beam is very common. 57, 83, 103, 107 This allows a more precise focus and a lower focusing area, leading to a higher space resolution and, in the case of using the microscope, better observation of the sample surface, leading to a better control of the area to be ablated. Collection of the emitted radiation also can be made on the same axis as that propagating the laser beam by using a dichroic or pierced mirror. When using the pierced mirror, the laser beam passes through a hole at the center of the mirror, while the reflective face of the mirror collects the emitted radiation and redirects it to the collecting lens 477 Pasquini et al. Vol. 18, No. 3, 2007 and wavelength selector. 84, 119, 120 In the case of the dichroic mirror, the laser beam is reflected by it and redirected to the focusing lens and sample surface, while the collecting optics is disposed behind the mirror. 103, 127 The inverse is also possible, with the laser beam passing through the dichroic mirror and emitted radiation being reflected by it and redirected to the collecting lens and wavelength selector. 128 The dichroic mirror must be highly reflective at the laser wavelength and highly transparent in the wavelength range of the selector, or vice-versa. The dichroic mirror also can be used to allow the perpendicular acquisition of plasma images by a camera (see section on Detecting Systems for details) and in the application of double-pulse excitation in the collinear configuration by using two laser sources. 83, 103, 107, 122, 124 In the latter case, one laser beam passes through the dichroic mirror while the other one is reflected by it and redirected to the sample surface. Another kind of beam splitter also can be used to collect a fraction of the laser radiation during the application of the laser pulse, which can be redirected to a photodiode for triggering the detection in relation to the laser pulse (see section on Detecting Systems for details), 81 for instance, or to divide the emitted radiation, one part being used for plasma imaging and the other part redirected to the collecting lens and wavelength selector. 103 Another kind of optics used in LIBS, for focusing the laser beam and for collecting the radiation emitted by the plasma, are those of telescopes, allowing the samples to be placed several meters away from the instrument, which is very useful for remote analysis. 92, 129 Several papers have employed optical fibers in LIBS applications, in conjunction with the previously cited optics, either for directing the laser or collecting the radiation emitted by the plasma, or for both. Their use for collection of the emitted light, associated with a collecting lens and coupled to the wavelength selector, is more frequent than for drive the laser radiation. When employed for both operations, either one or two optical fiber cables can be used. In the case of using just one optical fiber cable, a dichroic mirror (or another kind of beam splitter) must be used so that the laser radiation can be focused on the optical fiber, and the emitted radiation, traveling in the opposite direction, can be directed to the wavelength selector. 128, 130 When using two optical fiber cables, the laser and the radiation emitted by the plasma travel through different fibers. 131, 132 When the laser pulse is directed by optical fibers, two lenses are used at the output side (directed towards the sample surface) of the optical fiber cable, one collimating and the other focusing the laser radiation. 131, 132 The collection of the radiation emitted by the plasma can also be made by using two lenses, one collimating and the other focusing the emitted radiation on the collecting optical fiber cable or directly onto the entrance of the wavelength selector. 75, 119 In addition to the optics, moveable sample stages (rotating or X-Y stages, sometimes under computer control), for changing the surface region under analysis and for surface mapping applications, 83, 95, 107, 119 and sample chambers, for analysis under vacuum or gas insertion, simulating specific atmospheres or atmospheric pressures, 133, 134, 135 have been used.
Wavelength selectors
Spectrographs based on different set-ups of diffraction gratings, lenses and mirrors, such as the well known Czerny Turner and Paschen Runge designs, have been intensively employed in LIBS for many years and are still used. 94, 132, [136] [137] [138] However, due to the high complexity of LIBS spectra, with multiple emission lines (many sometimes at very close wavelengths) from the vacuum ultraviolet to the near infrared (according to the elements present in the sample), an ideal wavelength selector for LIBS should have the capability of covering large wavelength ranges simultaneously and with high resolution, which is not the case with conventional grating spectrographs. These wavelength selectors can either cover a short wavelength range with high resolution, decreasing the capability of multielement detection, or cover a wide wavelength range with lower resolution, sometimes resulting in problems of detection of specific emission lines due to their overlapping with other lines. In order to overcome these limitations and to avoid more expensive instrumentation, Body and Chadwick 136 employed up to four grating-based spectrographs, simultaneously covering different spectral regions with high resolution, to analyze the radiation emitted by the plasma. In spite of the limitations, grating spectrographs are still important in designing low cost instruments, such as that described by Neuhauser et al. 137 using a Paschen Runge design in a Rowland circle type spectrograph. Another important feature is the capability to be compacted in miniaturized devices coupled to detecting systems composed of a linear array of sensors (discussed later). These kinds of spectrometers, available commercially, have been used in many works. 57, 138 In the last years, a kind of spectrograph already used in other atomic emission spectroscopic techniques since the 1990s, 139, 140 called echelle spectrograph, which comprises a special kind of grating in a specific design, is being increasingly used in LIBS. It is also compact and, associated with appropriate detectors, constitutes a spectrometer covering a wide range of wavelengths (commonly from 200 up to 1000 nm) with a high resolving power (λ/Δλ up to above 10000). The echelle technology has been developed since about the early 1950s, 141, 142 and the first applications of echelle spectrographs in LIBS date from the late 1990s. 143, 144 The echelle spectrograph employs a grating containing grooves having a step like profile with one highly reflecting facet for each groove. The angle between the facet perpendicular and the grating perpendicular is called the blaze angle and the largest efficiency for diffraction by an echelle grating is obtained at wavelengths satisfying the condition for reflection from the groove facets. In a simplified way, when an incident beam of radiation is diffracted by an echelle grating, a linear dispersion of high resolution is produced in the focal plane, which is constituted by several continuous wavelength ranges (called spectral orders) superimposed on each other. Therefore, in each direction containing emerging beams from the diffraction grating, there could be radiation of several wavelengths, each from a different spectral order. This means that the spectral images of several wavelengths coincide in the focal plane. In this way, an echelle spectrograph also employs a cross dispersing element (also called the order sorter), either a second grating or a prism placed at 90 o in relation to the echelle grating, in order to separate the different orders by shifting them orthogonally to the dispersion of the echelle grating, generating a high resolution bi-dimensional dispersion of wavelengths versus spectral orders ( Figure 7a ). Therefore, the echelle spectrographs must be used with detecting devices composed of a bi-dimensional array of sensors (discussed later), placed at the focal plane of the bi-dimensional dispersion. The emission signals are acquired, compiled and the rows of the different orders are linked together in a linear spectrum. Lindblom 145 provided a good explanation of the basic principles related to echelle spectrographs. Modern echelle spectrographs are capable of generating a dispersion with a high diffraction efficiency in all orders and with a practically constant spectral resolution over the whole wavelength range.
Florek et al. 146 described the development of a standalone echelle spectrometer. By changing the echelle grating (specific groove density and blaze angle) and the cross-dispersing prism, their echelle spectrograph can generate a bi-dimensional dispersion of any rectangular shape to match bi-dimensional detecting systems of different areas, placed outside the spectrograph housing. Sabsabi et al. 147 described a comparison between two commercial echelle spectrometers (ESA 3000 from LLA Instruments and Mechelle 7500 from Multichannel Instruments) in terms of detectivity and precision for determination of Be, Mg, Si, Mn, Fe and Cu in Al alloy samples, concluding that both presented similar performances.
Unlike the dispersive spectrographs, optical filters are less employed as wavelength selectors in LIBS mainly because of their lower resolution and the selection of virtually only one wavelength at their exit, limiting the number of emission lines that can be simultaneously detected to one line per filter and, therefore, reducing the capability of multielement detection. However, due to the higher throughput of optical filters (there is no slit) in relation to dispersive spectrographs, modern tunable filters, such as acousto-optical tunable filters (AOTF), have been used in LIBS for plasma imaging, at a particular line emission, using bi-dimensional detecting systems. 45, [148] [149] [150] An AOTF is an optical band pass filter based on a diffraction of the radiation by an acoustic wave, whose frequency determines the selected wavelength, propagating through an isotropic or anisotropic crystal medium (depending on the wavelength range of the AOTF). 151 Plasma imaging using AOTF has been used for investigating the spatial and temporal distribution of atomic and ionic lines, 45 the effect of the focusing lens, the lens to sample distance, the angle of incidence of the laser pulse onto the sample, 45, 148 and the effect of Figure 7 . Illustrations of (a) an echelle spectrograph and its generated bidimensional dispersion and (b) a bi-dimensional ICCD. Pasquini et al. Vol. 18, No. 3, 2007 atmospheric pressure on the size and shape of the resulting plasma. 149 Another type of tunable filter, called liquid crystal tunable filter (LCTF), has also been employed for plasma imaging. 150 The LCTF is a birefringent filter based on the constructive interference of theoretically just one wavelength, which is transmitted through the device, and destructive interferences of all others by different phase retardation between the ordinary and the extraordinary radiation rays passing through a liquid crystal. 152 Stratis et al. 150 made a comparison between an AOTF and a LCTF for plasma imaging. Both filters are capable of rapid wavelength selection with microsecond to millisecond tuning speeds while preserving imaging integrity. They observed a higher background interference in the images generated using the LCTF and a higher interference of strong atomic emission lines out of the tuning range using the AOTF. They also acquired multiple images at different wavelengths (for different laser pulses) around certain atomic emission lines using both filters, which were integrated in order to generate rough emission spectra, demonstrating higher resolution for the LCTF.
Detecting systems
A great variety of detector types have been used in LIBS. Among them, the less frequently employed are those having only one sensor per device, such as photomultiplier tubes (PMT). The lack of papers using this kind of detector is obvious since their use restricts the number of emission lines that can be simultaneously detected to the number of photomultiplier tubes employed in the instrument. However, photomultiplier tubes present the advantage of high detectivity in the visible spectral region and, therefore, they have been employed for specific applications with good results. 137, [153] [154] [155] The advent of high-quality solid state detectors is revolutionizing the field of atomic spectroscopy. In LIBS, those made up of a combination of several sensors (also called pixels) in one device, allowing the simultaneous acquisition of emission lines along a wide range of wavelengths, have been intensively employed, such as photodiode arrays (PDA) and charge coupled devices (CCD). The PDA are constituted by a linear array of up to 4096 photodiodes with a common n-type silicon as substrate while the CCD are constituted by a great variety of linear or bi-dimensional configurations of several sensors, each made up of three electrodes over a common substrate of p-type silicon. In a bi-dimensional configuration, they are also called CCD cameras. [46] [47] [48] The linear configurations (PDA or CCD) are very used in conjunction with conventional grating spectrographs while bi-dimensional CCD are especially employed with echelle spectrographs, due to the characteristic bidimensional dispersion generated by this kind of wavelength selector (see previous section). In one special exception, Yaroshchyk et al. 156 used the bi-dimensional capability of a CCD camera in conjunction with a conventional grating spectrograph for the simultaneous detection of two plasma generated from liquid jets, one of them containing the analyte, by means of the partition of the detector into two linear detection regions. Their dual beam spectrometer for LIBS allows a substantial spectral simplification, by rationing the analyte and reference spectra, and lower LOD for liquid samples.
The resolution of an emission spectrum is not only limited by the resolution of the wavelength selector. It seems obvious that the higher the number of sensors present in a PDA or CCD, the higher the resolution of the acquired emission spectrum for the same wavelength range. In one of the first uses of a CCD camera in conjunction with an echelle spectrograph, the CCD area (due to its limited number of pixels) was sufficiently lower than the area of the focal plane of the echelle spectrograph, so that only one third of the total spectrum could be measured at one time to achieve a good resolution. 143 Both PDA and CCD, in linear or bi-dimensional configurations, can employ an ultraviolet (UV) sensitisizer or an intensifier for signal enhancement, the later giving origin to intensified PDA and CCD (IPAD and ICCD). The UV sensitizer is a scintillating coating applied directly onto their sensitive surfaces in order to convert UV radiation into visible radiation, making them more sensitive in the UV spectral region, where both are originally less sensitive. 145 The intensifier used is generally based on a microchannel plate (MCP), which also employs a photocathode and a phosphorous screen. Briefly, the incoming photons are converted to electrons by means of the photocathode, which are accelerated and multiplied in the MCP by application of a voltage, and then backconverted to photons when reaching the phosphorous screen. These photons are guided by a fiber optic taper or by a lens to the sensitive surface of the detecting device. 147, 157 The acceleration voltage applied on the MCP is variable, defining the gain of the intensifier, and its ability for fast switching allows gating of the optical detection on a nanosecond time scale (down to few nanoseconds). An illustration of a bi-dimensional ICCD is shown in Figure 7b .
Modern CCDs also include gating capabilities even without employing any intensifier, called gated CCD, but with higher gating times (generally down to hundreds of nanoseconds). 138, 145, 158 The very fast gating capability is quite important since it allows a delay in starting detection in relation to application of the laser pulse, called delay time, removing from the detector signal the high intensity background continuum emission present in the early moments of plasma formation. In addition, it is used to optimize the detection for different decay rates between the plasma background continuum and the atomic emission for a given element. 159 The use of gating detection in LIBS led to the appearance of the term TRELIBS. 21 However, nowadays, its use has decreased since gating detection has became more common in LIBS. Gating detection, using IPAD, ICCD or gated CCD, provides control of not only the delay time, but also the time for signal integration after the detection begins, called integration time gate, improving the analytical signal. It also permits averaging of multiple spectra for a series of laser pulses, one spectrum for each laser pulse, to compensate pulse-to-pulse variations, frequently seen in LIBS. 160 The delay time is controlled by the electronics already present in the detecting devices or by a separate delay generator. 107, 137, 156 In both cases, counting of the delay time is initiated by a trigger pulse generated either by the laser source or by an additional detector, such as a fast photodiode, disposed to detect the laser radiation, 81, 92 or the initial plasma formation. 107 Yamasaki et al. described the development of a gated integrator suitable for gating control in LIBS, allowing the control of the delay time and the integration time gate down to 200 ns and 25 ns, respectively. 161 In addition of providing the acquisition of emission spectra, CCD cameras have also been used in LIBS applications for plasma imaging or sample imaging, in order to monitor plasma formation, 150, 162, 163 or to adjust the sample position and the optical alignment in space resolved applications, 66, 83, 107 respectively. Studies of the temporal evolution of the plasma and the laser pulse are also carried out using fast photodiodes and PMT connected to oscilloscopes, 57, 134 while the acoustic emission associated to the laser ablation process can be measured using microphones connected to an oscilloscope or, 81 in a lower cost system, a standard microcomputer sound card. 125 The variation of acoustic emission as a function of the laser energy can be used to calculate the ablation threshold energy, or the minimum energy needed to start the ablation process, for a given sample. Photodiodes have also been used to detect the laser radiation in order to determine the laser pulse energy, 66 although this is done more frequently by means of energy sensors, such as pyroelectric joulemeters. 81, 107, 120 In comparison to PDA, CCD present a higher detectivity at lower radiation levels (such as those related to laser induced plasmas), the possibility of being used with echelle spectrographs (when using CCD cameras) and the possibility of gating detection even when a signal intensifier is not employed. That is why CCD have been more frequently used in LIBS in recent years, in spite of their higher costs, although some examples of recent uses of PDA in LIBS can be cited. 84, 120, 128, 164, 165 Recent papers dealing with comparisons between detecting systems employing ICCD and a non-intensified CCD for LIBS reported better performances for the ICCD in terms of temporal resolution, dynamic range and detectivity, even with the intensifier gains adjusted to their minimum values. 138, 158 Carranza et al. 158 observed an increase in the signal to noise ratio (SNR) of the ICCD in relation to the CCD system from 2.8 to 25-fold for the 393.37 nm calcium emission line measured in calcium-based aerosols. Sabsabi et al. 138 observed an increase in the LOD of the ICCD in relation to the CCD system from 1 to 2 orders of magnitude from analytical curves for Cu, Mn, Mg and Be in aluminum alloy samples and Ni, Fe and Ag in copper alloy samples. On the other hand, although the use of ICCD is becoming almost compulsory in LIBS (especially for quantitative applications), they present some drawbacks in relation to modern non-intensified CCD: much higher cost, lower resolution due to slight overlapping between the electrons of adjacent microchannels in the MCP, and a restriction of the upper wavelength range to about 850 nm depending on the photocathode. 145 In addition, non-intensified CCDs can be more easily integrated into portable instruments due to their smaller dimensions.
Recent advances in PDA and CCD technologies have introduced new devices with great potential for been employed in detecting systems for LIBS, such as the geiger PDA (GPDA), the electron bombardment CCD (EBCCD) and the electron multiplication CCD. 138, 157, 166 The geiger photodiode is a photodiode operated under reverse polarization using a voltage above the breakdown voltage of the p-n junction (which is much lower than the voltage needed for the operation of a PMT), resulting in a high internal signal gain by impact ionization without any additional external amplification or detection cooling (as for ICCD). 166 In relation to ICCD, the GPDA can also detect single photon events; present a lower dark signal, but also a lower dynamic range (due to the high detectivity); and also present gating capabilities with a simpler gating control, but with higher delay times (down to hundreds of nanoseconds). The EBCCD is a kind of ICCD, whose intensifier also employs a photocathode, but does not use a MCP. 157 The incoming photons are converted to electrons by the photocathode, which are 481 Pasquini et al. Vol. 18, No. 3, 2007 accelerated by a voltage up to 8000 V (applied between the photocathode and the CCD), reaching the CCD with enough energy for each electron to excite up to 1200 further electrons on the sensitive surface of the device (amplification of up to 1200). EBCCD cameras present a high detectivity, without the loss of resolution related to the use of the MCP, but very reduced gating capabilities, since fast switching of the high voltage is not possible synchronously over the whole area of the CCD surface in less than 10 µs.
Mobile instruments
The operating principles and the fundamentals of LIBS make this technique especially attractive for field analysis, since practically no sample pre-treatment is necessary and just optical access to the sample is required (for laser pulse application and collection of the radiation emitted by the plasma), avoiding the costs of sample collection and pretreatment, commonly required for laboratory analyses with other analytical techniques. However, field application requires the development of portable or mobile instruments, integrating components of reduced dimensions and, eventually, supplied by batteries. In this way, recent advances in instrumentation related to LIBS also have contributed to an increasing interest in field applications using this technique. To cite some, the implementation of optical fibers, collecting the radiation emitted by the plasma and sometimes also driving the laser pulse, integrated into a sampling probe, or a measuring head or arm connected to the analysis or main unit of the instrument; and the development of diodepumped solid state lasers, especially microchip lasers, and modern non-intensified gateable CCD, due to their reduced dimensions. The first portable LIBS instrument was reported in 1996 and, since then, several papers have reported portable or mobile LIBS instruments for field applications. Some of them are described in detail here.
The first portable LIBS instrument was developed at Los Alamos National Laboratory and reported by Yamamoto et al. 167 The instrument had a weight of 14.6 kg, and fitted completely into a small carrying case of 46×33×24 cm 3 . It was composed of a sampling probe containing a flashlamppumped passively Q-switched Nd:YAG laser source (1064 nm, 4 to 8 ns pulse duration, 15 to 20 mJ pulse energy and 1 Hz pulse repetition rate), a focusing lens and an optical fiber cable to collect the emitted radiation, and an analysis unit containing the laser power supply (optionally a 12 V battery), a grating spectrograph, a 1024×256 pixel nongateable CCD, and a laptop computer. The spectrograph and detector were adjusted to cover a spectral range of about 100 nm in the UV. The instrument was evaluated for the analysis of metals in the environment: Ba, Be, Pb and Sr in soils; Pb in paint; and Be and Pb in particles collected in filters. In 2001, Wainner et al. 168 reported a similar portable LIBS instrument, but employing a gateable 250×12 pixel CCD covering a spectral range of 20 nm with a resolution of 0.35 nm.
In 1997 Singh et al. 169 reported a mobile instrument used for the analysis of toxic metals in gaseous emissions. The instrument had a measuring probe, containing a frequency-doubled actively Q-switched Nd:YAG laser source (532 nm), an optical fiber cable to collect the emitted radiation and associated focusing and collecting optics, and an analysis unit containing the laser controller, timing electronics (such as a delay generator), a grating spectrograph, a 1024 pixel IPDA and a laptop computer. The spectral coverage was 19 nm wide with a resolution of 0.16 nm. The gated detection used a delay time between 5 and 10 µs and an integration time gate between 10 and 20 µs.
In 1998, Castle et al. 170 reported the first all battery powered portable LIBS instrument. The instrument had a weight of 13.8 kg and a design very similar to the first portable instrument, fitting completely into a small carrying case of 48.3×33×17.8 cm 3 , but including an additional battery in the analysis unit for detector and electronics supply. It employed a Nd:YAG microchip laser source (1064 nm, 3.6 ns pulse duration, 21 mJ pulse energy, 1/3 Hz pulse repetition rate), a miniature spectrometer containing a grating spectrograph and a 2046 pixel non-gateable CCD, covering a spectral range of 123 nm with a resolution of 0.4 nm. The instrument was evaluated for the analysis of Pb in paint, Mn in steel and iron ores and Ca in organic samples.
In 1999, Neuhauser et al. 171 reported a mobile LIBS instrument for monitoring heavy metals in aerosols. As that reported by Singh et al., 169 their instrument presented higher dimensions than those portable cited previously because it employed, in addition to a frequency doubled actively Q-switched Nd:YAG laser source (532 nm, 6 ns pulse duration, 70 mJ pulse energy and 10 Hz pulse repetition rate) instead of a microchip laser, also a conventional computer instead of a laptop. Another difference is the integration of the laser source into the analysis unit, a 19 inch rack, also containing the laser controller, the computer, timing electronics, a grating spectrograph and an IPDA, covering a spectral range of 22 nm with a resolution of 0.2 nm. In this case, the measuring head contained only two optical fiber cables, separately driving the laser pulse and collecting the emitted radiation, and the associated focusing and 172 reported an improved version of this instrument, employing an echelle spectrograph and a bi-dimensional ICCD covering the spectral range between 200 and 780 nm. In addition, the measuring probe was substituted by a 4 m long aluminum rail containing the laser source and the collecting optical fiber cable and associated optics, allowing the analysis of Ti, Fe, Mn, Mg, Ca, Si, Na and Al directly in mineral melt in an industrial environment.
In 2003, Palanco et al. 173 reported a portable LIBS instrument employing a more robust measuring probe and an automated analytical procedure for quantitative determination controlled by home-made software, allowing, for instance, to check whether the sample surface is prepared for the analysis and to detect possible interferents before the quantitative measurements. The instrument design is similar to those of previously described portable instruments, but employing a mount attached to the output of the Nd:YAG laser source (1064 nm, 50 mJ pulse energy) at the measuring probe to support the focusing lens and collecting optics (lens and optical fiber cable), enabling their ready adjustment and providing sampling stability and ease of handling. The main unit contained the laser power supply, timing electronics, a compact grating spectrograph and a 1024×128 pixel ICCD. A spectral coverage of 19 nm width was chosen for the analysis of Cr, Ni, Mn, Mo and Ti in steel samples. The gated detection used a delay time of 0.7 µs and an integration time gate of 10 µs. Recently, Cuñat et al. 174 reported a new version of this instrument, employing a miniature grating spectrometer containing a 2048 pixels non-gateable CCD, widening the spectral coverage to 100 nm.
In 2005, DeLucia and co-authors 126, 175 reported the use of a portable LIBS instrument, developed by the U.S. Army Research Laboratory in association with Ocean Optics, having the aim of enabling field identification of potentially hazardous materials. The especial feature of this prototype is that, in addition to all the battery supply, its main unit, containing a small board computer, a lithium ion battery, laser control electronics and a 7-channel spectrometer (7 grating spectrographs associated with 7 3648 pixel gateable CCD), was within a backpack. That is why this prototype was called a man-portable LIBS. The measuring probe contained a very compact actively Q-switched Nd:YAG laser source (1064 nm, < 10 ns pulse duration, 50 mJ laser pulse, 0.5 Hz pulse repetition rate), an optical fiber cable to collect the emitted radiation and associated focusing and collecting optics. The battery allows continuous system operation for 2 h and the 7-channel spectrometer covers the spectral range from 200 to 980 nm with a resolution of 0.1 nm. In addition, the detecting system can be gated with a delay time resolution of 64 ns and an integration time gate down to 10 µs.
In addition to their portable instrument, described previously, 173 Palanco et al. 176 recently reported a new mobile LIBS instrument with larger dimensions, but having the capability of making measurements up to hundreds of meters away from the sample. For that, the instrument employs optical components similar to those used in telescopes in order to send the laser beam and gather the emitted radiation. These components were placed together with a Q-switched Nd:YAG laser source (1064 nm, 4.6 ns pulse duration, 350 mJ pulse energy and 20 Hz pulse repetition rate) and an optical fiber cable, driving the collected emitted radiation to the wavelength selector and detecting system, in an optical module placed on top of a rack. The bottom part of the rack integrated the laser power supply and controller, a delay generator, a computer, and an echelle spectrograph associated with a 1024×1024 pixel ICCD, allowing spectral coverage from 200 to 975 nm, or a conventional grating spectrograph associated with a 1024×128 pixel ICCD, reducing the spectral coverage to a 40 nm width within the range from 200 to 405 nm. The instrument was optimized for measurements at 120 m away from the samples and it has been employed, for instance, for the stand-off detection of explosive residues on solid surfaces. 177 Recently, Bertolini et al. 178 have reported the development of the first mobile instrument for double-pulse LIBS analysis, named Modì (Mobile Double-pulse Instrument for LIBS analysis). The instrument employed a double-pulse Nd:YAG laser source capable of emitting two collinear laser pulses (1064 nm, 50 to 120 mJ pulse energy, 0 to 60 µs interpulse separation and 10 Hz double-pulse repetition rate), a focusing lens and collecting optics (lens and optical fiber cable), a sample chamber containing a motorized X-Y stage and an optical microscope for precise sample positioning and microanalysis, a computer, and an echelle spectrograph associated with a bi-dimensional ICCD. In addition, it also integrated an articulated fivejoint measuring arm containing optical fiber cables and associated focusing and collecting optics for alternative direct measurements on large objects. The instrument has been used, for instance, for the standardless analysis of polluted soils by means of a calibration-free method. 179 
Commercial instruments
Due to recent advances in the technology related to LIBS instrumentation, the relatively recent increasing interest in 483 Pasquini et al. Vol. 18, No. 3, 2007 LIBS applications, and the definition of some of the limitations of the LIBS technique, in comparison with other well established atomic spectroscopic techniques, especially in terms of detectivity and repeatability, only recently have modern and complete LIBS instruments, integrating all needed instrumental components, become commercially available. Even nowadays, most LIBS applications still employ lab-made instruments, developed with components acquired separately. Here, we will present some options of commercial LIBS instruments, from several manufacturers, found on the Internet, discussing and comparing their specifications. The following information about the instrumentation is in accordance with that reported by the manufacturers.
Ocean Optics (Dunedin, USA) provides the LIBS-ELITE spectrometer. 180 It is composed of a laser source, which is a 1064 nm Nd:YAG laser with a pulse duration of 4 ns and a pulse energy of either 90 or 200 mJ (chosen at purchase), with a focusing controller to adjust the ablation spot diameter from 20 to 1200 µm; a sample chamber containing a high resolution camera and a X-Y stage, providing precise sample positioning and space resolved microanalysis, and a rear port for gas purging controlled by a rotometer; and a 7-channel spectrometer, each channel containing a grating spectrograph associated with a linear gateable CCD with 2048 pixels, covering the spectral range from 200 to 980 nm with a resolution of 0.1 nm. The detection system can be gated with delay times from -121 to 135 µs in relation to the laser pulse, with a resolution of 500 ns.
LLA Instruments (Berlin, Germany) produces the LIPAN 3001 Laser Plasma Analyzer spectrometer.
181 It employs a 1064 nm Nd:YAG laser source, with a pulse duration of 6 ns and a pulse repetition rate of 10 Hz; and a spectrometer with an echelle spectrograph, covering the spectral range from 200 to 780 nm with a linear dispersion from 5 to 19 pm, and an ICCD camera with 1024×1024 pixels. The delay time of the ICCD camera can be defined with a resolution of 20 ns. The manufacturer also provides the models LIPAN 3002, a mobile instrument which employs, instead of the conventional sample chamber of the LIPAN 3001 model, a measuring head to drive the laser radiation and collect the plasma emission, facilitating integration with industrial processes; and LIPAN 3010, which contains a microscope and a X-Y stage integrated into the sample chamber, providing precise sample positioning and microanalysis. The LIPAN 3010 also employs a frequency doubled or quadrupled Nd:YAG laser source for conversion of the fundamental laser wavelength down to 266 nm, allowing more efficient laser ablation and higher space resolution (down to 10 µm).
XRF Scientific (Osborne Park, Australia) makes the Spectrolaser 1000HR spectrometer. 182 It contains a 1064 nm Nd:YAG laser source with pulse energies of 90, 200 or 300 mJ (user controlled); a sample chamber with a stepper motor controlled linear stage for sample scanning and an inlet for gas purging; and a 4-channel spectrometer, each channel with a Czerny Turner grating spectrograph and a linear gateable CCD, covering the spectral range from 190 to 950 nm with a resolution of 0.09 nm (at 300 nm). Detection can be gated with delay times from -2 to 15 µs in relation to the laser pulse, with a resolution of 80 ns. The manufacturer also provides a low cost model, called Spectrolaser 1000S, which employs only a single channel spectrometer covering a limited wavelength range (chosen at purchase), with a typical width from 50 to 100 nm and resolution up to 0.1 nm; and the Spectrolaser Target, which employs a high resolution camera and a stepper motor controlled X-Y-Z stage in the sample chamber, allowing precise sample positioning and microanalysis, in addition to a frequency tripled Nd:YAG laser source for laser emission at 355 nm for more efficient laser ablation and a smaller ablated area.
The companies StellarNet (Oldsmar, USA) and Kigre (Hilton Head, USA) provide the Porta-LIBS-2000 spectrometer.
183,184 It has a 1064 nm Nd:YAG microchip laser as excitation source, with a pulse duration of 4 ns, a pulse energy of 25 mJ and a pulse repetition rate of 1 Hz; and a modular spectrometer containing up to 8 channels (chosen at purchase and later expandable), each channel with a grating spectrograph and a linear CCD with 2048 pixels, covering a spectral range of 100 nm for each channel (starting from 200 nm and going up to 1000 nm for 8 channels) with a resolution of 0.1 nm. The web sites of the manufacturers do not provide the timing information of the gated detection. For a low cost configuration, there are spectrometer channels covering a spectral range of 200 nm each with half resolution.
Avantes (Eerbeek, Netherlands) produces the AvaLIBS spectrometer.
185 It contains a 1064 nm Nd:YAG laser source, with a pulse energy of up to 50 mJ and a pulse repetition rate of up to 30 Hz, with a focusing controller to adjust the ablation spot diameter; and a spectrometer containing up to 7 channels (chosen at purchase), each channel with a grating spectrograph and a linear CCD with 2048 pixels, covering a spectral range of 100 nm for each channel (starting from 200 nm and going up to 900 nm for 7 channels) with a resolution of 0.1 nm. The gated detection is performed with a resolution of 42 ns in the delay time.
In 2002, Song et al. 6 cited additional commercial instruments, such as the MΔ5095 from MelΔok and the Tracer 2100 from Advanced Power Technologies. However, an evaluation of the present configurations of these instruments was not possible because their websites are no longer accessible. Among the commercial instruments described here, the LIPAN is the only one that makes use of an echelle spectrograph and a bi-dimensional ICCD. That is why it presents the highest resolution, the lowest delay time resolution and, probably, the highest detectivity. On the other hand, it presents the lowest spectral coverage, which may be due to the limited range of spectral response of the photocathode of the intensifier. All the other instruments employ multiple conventional grating spectrographs coupled to linear CCD in order to decrease the costs of the spectrometer while maintaining reasonable spectral resolution. Among them, although they present similar resolutions, the Porta-LIBS presents the highest spectral coverage, but when using the spectrometer with the highest number of channels, the Spectrolaser should employ a CCD with the highest number of pixels, since it presents a large spectral coverage with same resolution using a spectrometer with only 4 channels, and the AvaLIBS presents the lowest delay time resolution. In order to provide surface scanning and microanalysis, the LIBS-ELITE, the LIPAN and the Spectrolaser have sample stages with high precision computer controlled positioning, and the LIPAN and the Spectrolaser can use the third harmonic of laser radiation, for UV ablation, leading to a better spatial resolution. In addition, the LIPAN can be more easily integrated into industrial processes by making use of a measuring head while the Porta-LIBS is the only one that is really portable, taking advantage of using a microchip laser, being able to be run on a 12 V battery.
Applications
Due to its potential to handle samples in the solid, liquid and gaseous (including aerosols) form, which may or may not be conductive, LIBS has been applied both for qualitative and quantitative purposes in a multitude of matrices of interest to many areas. Some of these applications are unique to LIBS and make use of the intrinsic attributes of the technique, such as its microanalyses capability, possibility of remote analyses and quasi-non-destructive nature. The following section does not intend to be an extensive overview, but provides the most significant, representative and recent analytical applications of LIBS, as reported in the literature.
Alloys and metallurgic samples
LIBS is an attractive tool for the analysis of alloys because the technique can be employed directly on a solid sample without the necessity of sample pre-treatment, saving time and operating costs. The alloy of highest interest is steel, probably due to its wide industrial applications. Brass, gold and aluminum alloys have also been analyzed by the LIBS technique. Some implementations, such as LIBS scanning microanalyses (detection of defects and elemental surface analyses), 66, 96, 186, 187 molten alloy analyses (including probes that resist high temperatures and fully automated systems with automatic samplers) 188, 189 and applications in alloying processes (industrial routine), 132, [190] [191] [192] [193] deserve mention. Applications like the analyses of alloys under water 194, 195 have increased awareness of the technique. These applications have become possible due to the versatility of the technique that allows the utilization of probes and microscopic focusing.
Sturm et al. 196, 197 and Vrenegor et al. 198 investigated the use of the multi-pulse excitation LIBS in steel alloys. Triple laser pulses were generated by one laser source (modified to produce three separate lasers pulses) 196 or by two lasers sources (one producing double-pulses and other producing a single-pulse).
197 Double-pulses were produced using only one laser head. 198 The main components of the LIBS systems were one 196, 197 or two Q-switched Nd:YAG lasers 198 operating at 1064 nm with a pulse duration on the order of nanoseconds. The sample chamber was flushed with argon gas. The main difference between the LIBS systems in these three papers is basically related to the laser parameters (total energy, pulse duration and configuration). The first paper focused on the analyses of light elements in the vacuum ultraviolet spectral region: C, P, S, Mn, Ni, Cr and Si. Analytical curves with good correlations (r > 0.9, with the exception of sulfur) were obtained and detection limits in the range of 7 to 11 µg g -1 were found. In the second paper, 197 the elements quantified were C, P, S, Al, Cr, Cu, Mn and Mo. The performance of the triple-pulse configuration was compared with single-pulse and double-pulse configurations and an increase of detectivity was observed probably due to an enhancement of material ablation. Good LOD, around 7 to 10 µg g -1 for Al, C, Cu, Mn and Mo and LOD two or three times greater for Cr, Ni, P and S, were achieved. The third paper 198 investigated the use of interelemental correction to reduce matrix effects. Quantitative analyses of Ni, Cr, Cu, Mo, Si, Ti, Mn, Al and C was done in high alloy steel. Investigations were made with single and double-pulse configurations with the same total energy and two different laser burst energies. Single-pulse mode was better for Cr, Ni, Cu and Mo and double-pulse mode was better for Si, Ti, Mn and C. The use of interelemental corrections improved the detection limits up to two or three times. 485 
Lopez-Moreno et al. 199 employed a portable prototype LIBS system for real-time analyses of steel production processes. The elements analyzed were Cr, Mo, Ni, Mn and Si in low-alloy steel. A miniature spectrometer was evaluated in this paper. The analytical curves were obtained using Fe emission lines as reference lines and compared with the curves obtained using an echelle spectrograph coupled to an ICCD camera, operated in a non-triggered and non-gated mode. The detection limits and RSD obtained with the miniature spectrometer were similar with those obtained with the ICCD, with the exception of Ni and Si, which were not possible to be analyzed with the prototype due to limitations of the spectrometer. The noise contributions to the measurements and the effect of sample temperature on spectral line intensities (important for on-line applications) were studied. It was observed that the use of some prior laser shots reduce the noise contribution and a high sample temperature contributes to increase the intensities of the spectral lines, probably due to the increase of the ablated mass.
Loebe et al. 186 investigated glass and tool steel defects by means of local resolved chemical analyses by using a microscopic laser induced plasma analyzer. This system allowed lower detection limits and a spatial resolution of 5 mm. Non-homogeneities of the tool steel and glass samples were characterized, it being possible to identify defects and contamination in steel and glass matrices. This paper demonstrates the potential of LIBS for quality control of industrial processes.
Hemmerlin et al. 200 utilized an industrial prototype that combined, in the same system, the ability to use a laser source or an electrical spark. The performance of spark optical emission spectrometry and laser induced breakdown spectroscopy was compared for quantitative steel analyses of, mainly, C, N and S, but also of Mn, Cr, Ni and Mo. VUV optics and a Paschen Runge spectrometer were utilized. Optimization of laser source parameters (energy and wavelength), integration time gate and delay time were carried out. A study of the correlation between ablation rate and LIBS signal was also done. Analytical curves obtained by LIBS and spark-OES presented great similarity. The background equivalent concentration (BEC) obtained for S and N were similar. The detection limits obtained with the LIBS instrument were comparable with the detection limits obtained with spark-OES, but in general spark-OES presented the better results. This demonstrated that more studies are necessary to improve LIBS performance so that it can be comparable to a consolidated analytical technique such spark emission spectroscopy.
Bassiotis et al. 201 determined Mn, Ni, and Cr in steel using a low energy pulsed Nd:YAG (5-30 mJ) operating in the fundamental wavelength and of 355 nm (15 mJ). Good analytical curves for the elements (correlation coefficients near 1) and detection limits equal to 113 and 235 µg g -1 for Mn were attained when the laser was operated in 1064 nm (30 mJ) and 355 nm (15 mJ), respectively.
Khater et al. 202, 203 quantified carbon in steel alloys in the vacuum ultraviolet spectral region. The first paper contains a study about the selection of the most appropriate spectral lines for carbon analyses. 202 In the second paper, the spectral lines identified to present the best performance were employed to carry out the experimental LIBS studies. 203 The analytical performances of four ionic spectral lines (45.96 -6 atm to 4.93 × 10 -3 atm) and ambient atmospheres (air, helium and argon) were the most important experimental parameters investigated to optimize the system for quantitative analyses. A Q-switched Nd:YAG laser and its harmonics were used to study the influence of laser wavelength. The highest signal-background ratio was provided by the 1064 nm wavelength pulse (400 mJ of energy) in an air atmosphere at 2.96 × 10 -4 atm using plano-convex cylindrical lenses with a focal length of 150 mm. However, the highest spectral line intensity was obtained in an argon atmosphere at approximately 4.93 × 10 -4 atm with 800 mJ pulse -1 . With the optimization of these parameters, the detection limit that in the first paper was (87 ± 10) µg g -1 was improved to (1.2 ± 0.2) µg g -1 with a RSD of 15% for the 97.70 nm spectral line.
Balzer et al. 190, 191 showed two interesting applications of LIBS for on-line monitoring of the steel process: measurements of coating thickness of galvanized sheet steel and monitoring of the Al depth profile of hot-dip galvanized sheet steel. In the first paper, 190 the instrument used an echelle spectrograph coupled to an ICCD camera (with a broadband photocathode). In the second paper, 191 the system was a Paschen Runge spectrometer with 16 photomultipliers on the Rowland Circle. Both LIBS systens used a flashlamp-pumped Nd: YAG laser that operated at 1064 nm. The laser was modified to emit up to six pulses at 10 Hz with interpulse separation higher than or equal to 2 µs with the same optical assembly. Also, a double-pulse separation mode, with interpulse separation 190 In the two papers the conditions of an industrial plant were simulated. For measurements of coating thickness in galvanized sheet steel 190 the samples were moved on a x-y plane and two different atmospheres were tested, argon and nitrogen. To evaluate the aluminum depth profile, 191 the samples were moved under the focusing objective with different velocities. These two papers show that is possible to use LIBS for these industrial applications instead of X-ray fluorescence with an additional advantage of also analyzing light elements (e.g. aluminum).
Noll et al. 192 placed a LIBS system in an industrial plant to identify the quality of the mixture of high-alloy steel grades used to produce pipe fittings and tubes. This is important because the use of the wrong high-alloy steel grades can cause corrosion of pipes and tubes and consequent damages and losses in industrial plants. The system was development at Fraunhofer Institute for Laser Technology and was called Laser Identification of Fittings and Tubes (LIFT). The LIFT was installed in an industrial plant in 1998 and its performance was evaluated for 5 years in routine use. Basically, the LIFT consisted of a Nd:YAG laser (50 Hz and 100 mJ pulse -1 ), a photodiode to monitor the laser pulse energy, a triangular sensor to check the sample location, an emission collecting optical part and a Paschen Runge spectrometer coupled with 12 photomultipliers. The performance was satisfactory; the LIFT correctly classified all the fittings with incorrect steel grades and the fittings with right steel grade with errors of only less than 0.1%. The system presented an improvement of about 5 times in the analytical throughput (samples analyzed per hour) in comparison with spark-OES. This is a good example to demonstrate the strong potential of LIBS for on-line process monitoring.
Palanco and Laserna 132 developed a fully automated system with the objective of identifying mistakes in mixtures of stainless-steel. The system consisted of a robotic arm used for sample handling, a LIBS instrument and a personal computer with software to control the laser pulses, to command the robotic arm and to acquire and process the emission spectral data. The laser pulse was transmitted through an optical fiber coupled with a focusing system and the plasma emission was collected by another optical fiber. The system compared the correct and expected sample composition with the heated sample composition to verify the possible occurrence of mistakes in the mixture. Multivariate calibration was used to determine Fe, Cr, Ni, Cu, Mo, Ti and Mn. The precision was better than 6%, with the exception of titanium and manganese (10-15%) and good analytical curves were obtained for most of the elements (r > 0.98). All the samples analyzed were identified appropriately (correct degree of mixture or not).
Bulajic et al. 193 studied the feasibility of the LIBS technique to detect the deterioration/corrosion of steel pipes in industrial plants. The steel pipes undergo chemical and mechanical degradation and thermal stress due to their high temperatures environment. Therefore, a scan-head to work along with LIBS analyses was created. It had a pulsed laser (10 Hz), a small laser diode to control the focal point position, a CCD camera to measure position and correct for vibration and scanning mirrors to indicate the focal point. A linear LIBS scan to check compositional non-homogeneities was proposed. The linear scan was demonstrated to generate confident estimates of the plant condition about every 15 min.
Ismail et al. 204, 205 compared the detection limits and plasma parameters of aluminum alloys and steel alloys with LIBS analyses. The emphasis of their first paper was to correlate the matrix effects and plasma parameters with different detection limits presented for the same elements in two different matrices, using single-pulse LIBS. 204 The emphasis in the second paper was to correlate the matrix effects and plasma parameters with the enhancements of detection limits when the double-pulse technique was employed for the same elements in the two matrices. 205 Effects of the plasma temperature and electron density were investigated. The elements analyzed in both papers were Mg, Si, Mn and Cu while the second paper Al, Ti, Cr, Fe and Ni were also analyzed. The LOD's obtained for Mn, Cu and Si in steel alloys were lower than in aluminum alloy, the opposite effect was obtained for the LOD for Mg. 204 A small improvement in detection limits (in comparison with single-pulse) was obtained when the double-pulse technique was employed in the aluminum alloy matrix. 205 These two papers show how the major elements of a given sample matrix can affect the detection of the other elements in both single and double-pulse modes, as a function of the plasma parameters and element properties.
Cravetchi et al. 96, 187 evaluated potential of the LIBS for microanalyses of aluminum alloys. In their LIBS configuration the laser beam was focused on the sample using a microscope objective (10⋅, N.A. = 0.25 and focal length 20 mm 187 and 15 mm 96 ) which also collected the plasma emission. The scanning LIBS microanalyses of aluminum alloys was used in an attempt to distinguish the precipitates formed on the sample surface from the 487 Pasquini et al. Vol. 18, No. 3, 2007 normal surface and to quantify the precipitates. In addition, the system could study a sample surface with the help of scanning electron microscopy (SEM). The precipitates formed on the surface of the aluminum alloy are (Cu,Fe,Mn)Al 6 and CuMgAl 2 and they were distinguished by means of the emission spectra obtained after scanning of the surface with a spot size on the order of a few µm. It was demonstrated, in the two papers, that both systems can differentiate the precipitates, but only in the first paper was it possible to make a quantitative analyses of the precipitates (the results were compared with those obtained by a electron microprobe X-ray analyzer), resulting in a more complete definition of the contour map of the sample surface.
Gomba et al. 153 determined lithium in aluminumlithium alloys under a controlled xenon atmosphere at low pressure (0.39 atm). The xenon lines were used to calculate the temperature and the electron density of plasma. An algorithm was used to calculate the lithium concentration value by using the plasma parameters. This brought an innovation to LIBS analyses, allowing determination of even the lowest concentration constituents when the plasma conditions are not favorable (the conditions did not support the Local Thermal Equilibrium, LTE). The values encountered showed good agreement with those obtained by ICPOES. The discussion about plasma parameters, behavior of the intensities of the emission lines and other theoretical aspects involved in LIBS were carefully and precisely treated. This paper is a good reference to provide information about the plasma parameters and lists a number of references on the subject.
De Giacomo et al. 194 used a double-pulse configuration to analyze bronze samples submerged in water, simulating an analyses under seawater. The analyses of submerged samples had been described before showed lack of sensitivity. With the use of the double-pulse LIBS, the lack of sensitivity was mostly overcome. 195, 206 The second laser pulse was delayed 8 ns in relation to the first one. Both laser pulses had 8 ns of duration and 100 mJ of energy and were produced by a Q-switched Nd:YAG laser operated at 1064 nm. The sample was immersed in a column of synthetic seawater that was about 2 cm above the focal point and was periodically changed. A telescope was used to collect plasma emission and to deliver it to the spectrograph. The results obtained in water had better agreement with the real values than the results obtained in air. The plasma temperature was higher in water than in air for most of the spectral windows. This fact suggests a more efficient thermalization.
In a later paper, De Giacomo et al. 207 used a doublepulse configuration to analyze bronze samples. The laser used to produce the two pulses in the earlier paper was replaced by two lasers, both operating at 532 nm with energies of 400 mJ (FWHM 7 ns). The paper presents a good discussion about experimental parameters involved in the implementation of LIBS. These parameters also presented more favorable values in water than in air. These two papers show the feasibility of an interesting implementation of LIBS systems that demonstrates the potential to analyze of alloys samples under the sea. This could be of interest for ship maintenance and/or in-situ archaeological analyses of objects found submerged. Yaroshchyk et al. 208 developed a software to model the emission spectra of LIBS and to predict the sample concentration by means of a calibration-free algorithm. The estimated concentrations obtained using the software were compared with the results from a commercial LIBS instrument and with the results obtained by two alternative analytical techniques: ICPOES and XRF. The samples analyzed were bauxites, some minerals (andesites, dacites and skarns) and brass; the two first samples were analyzed in a helium atmosphere and the last, in air. The laser energies were 150, 90 or 120 mJ pulse -1 for bauxite, brass and minerals, respectively. The elements quantified in the samples were Al, Fe, Ti, Cu, Zn, Si, Na and K. Good results using calibration-free LIBS were obtained for Al and Si in bauxite and minerals and Cu and Zn in brass sample, the others elements showed overestimated concentration values when compared with the values obtained with ICPOES and XRF.
Goode et al. 209 utilized LIBS to differentiate metal alloys. Brass, nickel, zirconium, and copper alloys and diverse kinds of steel were analyzed. Due to the complexity of the alloy spectra, chemometrics methods were employed to identify the metal alloys. It was possible to correctly identify 97.4% of the spectra obtained, demonstrating the potential of the LIBS to classify these different samples.
Galbács et al. 210 proposed a new calibration method to determine the concentration of elements in binary alloys using LIBS spectra. The method was based on the dependence of elemental concentration on to the linear correlation coefficient. With the objective to demonstrate the feasibility of the method, it was applied to quantify Cu in brass. To verify if this method could also be applied to non-binary alloys, Al, Si and Cu were quantified in an aluminum alloy. The results were compared with those obtained using a microscopic laser-induced breakdown described in an earlier paper 211 and with the certified values of reference materials. The calibration method developed presented good results for both binary and non-binary 212 used LIBS to analyze gold jewellery. The elements of interest in precious alloys are Au, Ag, Cu and Pd. The calibration-free method was used for spectra analyses. 40 The use of this method allowed the quantification of the concentrations of all alloy elements (major and trace elements), even when present in concentrations below the usual LIBS detection limits. Values near to the nominal concentrations were encountered with errors lower than 1% and RSD about 0.1%. The accuracy and the RSD's found using the method proposed in this paper are better than the values found by the conventional calibration methods used in LIBS. A strong reason for this is that the proposed method minimizes the effects of the sample matrix.
Rai et al. 130, 213, 214 designed a fiber-optic LIBS system (FO-LIBS) aiming at on-line analyses of molten aluminum. A prototype was developed and its performance compared with the performance of a conventional LIBS system (without the utilization of fiber optics to deliver the laser beam). The FO-LIBS presented comparable detection limits for Mg, Cr, Fe and Mn (same order of magnitude), a better detection limit for Cu, but a detection limit about hundred times higher for Zn in analyses of solid samples. Some parameters of the system (e.g. influence of gain of the detector, effect of integration time gate), parameters related to the laser/FO-LIBS system construction (e.g. influence of laser power on fiber damage, effect of laser power variation with time), and effects of the surrounding atmosphere and focal lengths, among other, were studied. 213 The instrument was then employed to acquire spectra of solid samples and molten alloy. 130, 214 The probe, containing the collimating and focusing optics was introduced into the melt which reached a final temperature of 800 ºC in atmosphere of argon. The results demonstrated that the emission lines of elements in the molten phase are different than the emission lines in the solid phases, producing different analytical curves. Thus, it was impracticable to apply an analytical calibration curve produced using solid alloys to analyze molten alloys, it being necessary to obtain analytical curves with melted samples.
Panne et al. 172 monitored the differences in composition of molten mineral samples. The emission lines of Ti, Fe, Mn, Mg, Ca, Si, Na and Al were identified and used for qualitative analyses. The molten samples reached temperatures between 1400 and 1600 ºC and were also analyzed by X-ray fluorescence (XRF). The results demonstrated a superior performance of LIBS in relation to XRF analyses concerning the identification of changes of concentration. Changes in concentrations in the range 0.1-0.2% were not resolved by XRF and some problems came up due to the high temperatures employed. On the other hand, with LIBS, emission lines appeared noisier and the detection limits in XRF were better than in LIBS.
Peter et al. 215 obtained analytical curves for C, P, S, Ni and Cr in molten steel using multi-pulse excitation in LIBS (triple laser pulses). The LIBS components described in a previous paper, 186 were installed in a thermally stabilized housing on a platform that could be lifted vertically. A moveable lance to sampling was constructed to facilitate the analyses and protect the optical components that were cooled by a water flow, keeping the temperature below 150 ºC. The laser beam was focused on the surface of the melted sample inside the tip of the sampling lance (around 20 cm of immersion). An argon flow was employed to maintain an inert atmosphere and allow for UV emission. Gruber et al. 128, 216 constructed a LIBS system and tested it in the analyses of molten steel in the laboratory 128 and later in on-line analyses under reduced pressure. 216 Detection limits encountered in laboratory were 0.053, 0.054, 0.104 and 0.207% for Cr, Cu, Mn and Ni, respectively. Analytical curves were obtained for consecutive additions of material to the melt (Mngranulate, Cr-granulate, Cu-rods, Ni-wire). Losses attributed to the volatilization of elements or oxide formation and saturation effects were detected. In the online measurements, variations in concentration were also detected, demonstrating the efficiency of the system for monitoring and controlling the steel manufacturing process. An inert atmosphere was employed in both cases.
Hubmer et al. 189 also employed LIBS to monitor the steel manufacturing process. The laser beam produced by a Q-switched Nd:YAG laser was guided to a AOD (argonoxygen-decarburization of liquid hot metal) converter. The plasma emission was collected by an optical fiber and sent to an echelle spectrograph. The emission measurements were made together with temperature measurements. For each sample, 20 measurements, each 489 Pasquini et al. Vol. 18, No. 3, 2007 one produced by 230 laser shots, totaling 4600 laser shots per sample, were performed. In an analysis carried out in the laboratory, the molten samples reached a temperature of about 1600 ºC. Analytical curves for the elements Cr, Ni, Mo, Cu and Co were constructed and the results obtained were similar to the results obtained for samples at room temperature, reported in the literature.
2. Environmental applications
The interest in using LIBS for environmental analyses is attributed mainly to its potential for in-situ field analyses. The main problem faced by those who want to employ this technique for environmental analyses is in the interference caused by matrix effects. However, the utilization of an internal standard and other alternative calibration methods has ameliorated this matter. Water [217] [218] [219] [220] [221] [222] and soil [223] [224] [225] [226] [227] [228] [229] [230] [231] [232] [233] analyses have produced most of the papers found in the literature.
Niu et al. 234 determined strontium in marine algae using the method of standard additions. Usually, the methods used to analyze this type of sample require sample digestion and they show the strong interference of calcium. Small volumes of standard solutions were added to the ground sample that was further mixed with cellulose and pressed to form pellets. LIBS allowed the analyses of marine algae without interference of calcium (by choosing of an emission peak without spectral interference) producing results in good agreement with certified values. The RSD's were about 5% and the analytical curves presented good linearity with correlation coefficients higher than 0.99.
Barbini et al. 235 constructed a LIBS instrument to carry out elemental analyses of marine sediments during the XVI Italian campaign in Antarctica. The LIBS apparatus, including the optical part, was mounted on an antivibration support to reduce the effect of the ship's movement. Samples were collected on different dates and at different times from different positions and depths. Qualitative measurements were carried out to identify the emitting elements. The elements Si, Al, Fe, Mg, Mn, Na, Ti, Ba, Sr and Ca were found in all samples. Semiquantitative scannings of depth distributions were performed and a normalization method was employed to reduce the influence of surface roughness, laser instability and sample properties. Barium presented the highest decrease of concentration with increasing depth. This type of analyses is important to supply information on elemental stratifications presenting biological and geographic importance. Quantitative analyses showed goods results for some elements (e.g. Cr and Si), but for elements with emission lines that undergo self-absorption the results were under-estimated. The quantitative measurements were made by a method previously described by Lazic et al., 223 called self-absorption model. Gondal et al. 236 employed LIBS to obtain elemental analyses in crude oil residues. Eight trace elements had their concentrations estimated: Ca, Fe, Mg, Cu, Zn, Na, Ni and Mo by LIBS and ICPOES. Cylindrical discs of a solid paste of crude oil residue samples were used while calibration standards employed pellets made of differing amounts of powders of the pure metals and KBr. The detection limits were low, from 2-14 µg g -1 and the estimated concentrations of the elements were, in general, similar to those obtained by ICPOES.
Gondal and Hussain 237 quantified toxic metals in wastewater collected from local paint manufacturing plant. The results showed the concentrations of different elements of environmental significance such as Pb, Cu, Cr, Ca, S, Mg, Zn, Ti, Sr, Ni, Si, Fe, Al, Ba, Na, K and Zr, in paint wastewater were in the 1 to 301 µg g -1 range. Mateo et al. 238 utilized the LIBS technique to monitor the process of cleaning of coastal rocks contaminated with tanker oil spill using lasers. The results obtained by qualitative analyses employing LIBS were compared with qualitative measurements using scanning electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDS) and presented good agreement. The cleaning of rocks contaminated with fuel was carried out employing a Q-switched Nd:YAG laser operating at two wavelengths (1064 nm-900 mJ pulse -1 and 355 nm-200 mJ pulse -1 ). The cleaning process was monitored by collecting the plasma emission. The different element peaks were identified. Some elements were detected only on contaminated rocks (C, Mg and Ca) and others only in non-contaminated rocks (Si and Al). Therefore, when the concentration of the first elements stops decreasing and the concentration of latter ones stops increasing, the cleaning process is complete.
Yamaguchi et al. 217, 218 have determined particles of manganese and aluminium carbonate and oxide in water. Initially, only aluminum particulates (in form of white fused alumina and gibbsite) were analyzed. 217 Six different diameters of fused alumina particles (1.3, 2, 4, 8, 14, 30 and 57 µm) and particles of gibbsite of 3.8 µm diameter were analyzed. The results were influenced by particle size, the highest correlation coefficients for white-fused alumina solutions were obtained for 2 and 8 µm particles (R 2 = 0.98 for both) and similar correlation coefficient (R 2 = 0.95) obtained for white-fused alumina of 4, 14 and 30 µm diameter were observed for gibbsite solutions. In fused alumina solutions with a particle size of 57 µm it 490 Laser Induced Breakdown Spectroscopy J. Braz. Chem. Soc.
was not possible to perform quantitative analyses due the instability of the atomic emission spectra. A saturation effect was observed with the increase of particulate concentration (for particle diameters of 2 µm this happened above 4 mmol L -1 ). Afterwards, quantitative analyses of suspensions of Al 2 O 3 , CaCO 3 and MgO were carried out and calcium colloids of a real sample of underground water were analyzed. 218 The concentration ranges analyzed using LIBS were similar to ICPOES and in the range of concentrations of the aquatic environment. Aluminum and calcium could be quantified simultaneously by LIBS.
Bundschuh et al. 219 Samek et al. 220 have determined trace elements in water samples. Line broadening, electron density, plasma temperatures, local thermal equilibrium, optical thickness and self-absorption were studied and evaluated. Firstly, analytical curves for Al, Ca, Cr, Cu, Li, K, Mg, Mn, Na, Pb and U were made. The hydrogen emission lines (H α , H β and H γ ) and the emission lines of Li, Ca and Cu were employed as references. At this stage the analytes were added to water in the form of hydroxides or nitrites. The performance of these lines as internal standards was evaluated for some elements. Detection limits vary widely from 0.009 to 450 mg L -1 . The plasma emission was focused directly onto the slit of the spectrograph. Later, the performance of the system was checked by analyzing real samples using a fiber-optic system to collect the plasma emission. Water samples from two rivers and seawater were also analyzed for toxic heavy metals, demonstrating the potential of LIBS to analyze real samples. In the last stage, a telescopic system, developed for remote analyses, was evaluated for analyses of Tc in solution.
Koch et al. 221 and Fichet et al. 222 employed LIBS instruments in the analyses of Cr in liquids. The first paper analyzed Cr in aqueous solutions 221 and the second in water and oil samples. 222 A linear range of 20-100 µg g -1 and a detection limit down to 40 µg g -1 were obtained by Koch et al. 221 Detection limits of same order of magnitude were attained by Fichet et al., 222 239 aimed at qualitative and quantitative analyses of contaminants, mainly Cr and Fe, in coastal samples (bark, leaves, soil, dock rock, stone and fragments of wall) of an area with high industrial activity. An instrument for long distance analyses (12 m) was used. A commercial Newton telescope collected and sent the plasma emission to the slit of the spectrograph. The presence of Cr and Fe was confirmed by comparison with the sample matrix free of contaminants. The influence of moisture and salinity was evaluated and showed that these factors contributed for reduction of the ablation rate in samples when compared with dry samples. Another factor studied was the difference between depth profiles for horizontal and vertical sides of the samples. A higher contamination was detected on the surface of the horizontal face of the sample when compared to the vertical face which could have part of its contamination removed by the continuous splashing with sea water. Quantitative analyses were carried out by normalizing the analyte peak emission using Mn peak emission. Detection limits of 0.21 and 0.19% and dynamic range of 1.1-6.7 and 0.6-1.7% were obtained for Cr and Fe, respectively. Depth profiles for Cr were also obtained. Furthermore, three-dimensional depth analyses of Cr, Fe, Ca and Mg were obtained. Similar behaviors pointed out a decrease of Cr and Fe concentrations with depth. As demonstrated in this paper, the LIBS technique shows a high potential to supply information (qualitative or quantitative) about contaminants in environmental samples, adding the advantage of accessing the spatial distribution of the species along the sample.
Bublitz et al. 224 evaluated the performance of LIBS for qualitative and quantitative analyses of metal ions in soil samples. A 6 mm height layer (around 10 g) of sample was put inside a sample chamber rotated by an electric motor while its surface was revolved by a metal sheet. Iron, Si, Mg and Ca could be detected in dry soil samples from two different sites. Barium was chosen as internal standard in quantitative determinations with known amounts of barium salt added in calibration and measured samples. The influence of the water content in soil samples and the differences presented by dry and water-saturated samples were studied. The maximum intensity for the Ba peak emission was observed at around 6% water content 491 Pasquini et al. Vol. 18, No. 3, 2007 for the two soil samples and a numerical simulation was proposed for this behavior. A detection limit of 0.1% was reached for barium determination.
Hilbk-Kortenbruck et al. 225 for Fe and 100 mg kg -1 for Mn) than reported in other papers, but below the limits stipulated for European Union. The RSD's obtained with LIBS were higher that those obtained with ICPOES, with the exception of values for Cr that were practically equal.
Bustamante et al. 227 determined calcium concentrations in depth profiles of soils. The samples were obtained from different depths (0-18 m) in the south of Patagonia, Argentina. The calibration samples were made of pellets of CaCO 3 and BaCl 2 in different proportions. The sample pellets (soil samples) were prepared using a BaCl 2 matrix and analyzed in a vacuum chamber at 6.58×10 -4 atm. The ratio of intensities of Ca/Ba was used to construct the analytical curves. For the purpose of comparison, the soil samples were also analyzed by volumetric titration. The depth profile of calcium concentration obtained by both techniques (LIBS and volumetric titration) presented a very similar behavior.
Martin et al. 228, 229 applied the LIBS technique for determination of total carbon and nitrogen in soils. The soil samples were analyzed by LIBS and by the combustion method (LECO CN-2000 elemental analyzer, LECO Corporation). An unsatisfactory correlation between the two methods (elemental analyses and LIBS) was obtained at low nitrogen concentrations, but at nitrogen concentrations higher than 0.1% high correlation (correlation coefficient higher than 0.9) was observed. 229 Pellets of 15 different soil samples with total carbon concentrations varying from 0.16 to 4.3% were analyzed. Some pellets were prepared with soil samples washed with acid (a procedure used to remove inorganic carbon). LIBS demonstrated to be a good tool to distinguish inorganic and organic soil carbon because a decrease in carbon concentration was verified after the acid wash. Analytical curves were obtained normalizing the carbon emission peak intensity with the silicon emission peak intensity. The standard deviations obtained by the LIBS technique were higher when compared with the conventional combustion method. Despite this fact, LIBS presents the potential for in situ analyses which, in many cases can justify its use despite its failure when comparing figures of merit. In addition, LIBS was employed to determine metal contaminants in freshwater invertebrates. 229 Cremers et al. 230, 231 measured total soil carbon by LIBS. The sample was placed in a small quartz tube (25 mm diameter, 75 mm long) and the laser beam was focused onto the center of the tube. The LIBS measurements were compared with the measurements obtained using the conventional dry combustion method (Dohrmann DC-180 analyzer, Tekmar-Dohrmann). First, the emission line of carbon at 247.8 nm was used for the analyses. With this emission line the detection limit was estimated as 300 mg C kg -1 , with a precision of 4-5% and accuracy in the range of 3-14%. Later, 231 the performance of carbon emission line at 193 nm was evaluated. This spectral line has the advantage of being free of spectral interferences caused by Fe (247.8 nm) affecting the line at 247.8 nm. By employing the emission line at 193 nm it was also possible to measure total carbon in soil samples. The calibration curve obtained with the 193 nm line showed a better correlation coefficient than with the 247.8 nm line (0.99 against 0.96, respectively). However, the verification curve (correlation with a conventional method) presented a poorer correlation coefficient (0.95 against 1).
Harris et al. 232 determined nitrogen in sand. Sand was employed as a substitute for soil to minimize spectral interferences and in order to compare the results with those previously obtained for soil analyses. The spectral range around 498-504 nm, employed in other papers, 228, 229 was not used in this paper, because the emission peaks present in this region could be attributed to titanium emission (an element present in sand and also in soil). Therefore, the spectral range 741-749 nm was chosen. Analyses in an ambient atmosphere were not possible due to the interference of nitrogen, present even if low laser energy (18 mJ pulse -1 ) was used. The RSD's for samples with nitrogen concentrations below of 1% were very high, but in nitrogen concentrations above 1% the RSD's were low, about 2.11%. The detection limit for N was 0.8% with a correlation coefficient of 0.989. Mosier-Boss et al. 233, 240 built a FO-LIBS sensor and its performance was tested for the analyses of contaminated soil. The first paper 233 presented the results of analyses of three sites (two contaminated with Cr and one with Pb) while the second paper 240 showed the results for a site contaminated with automotive scrap residue. EPA Method 6010 based in ICPOES was used as comparative method. Uncontaminated soil, coming from the site under study, was used to prepare the calibration samples by additions of the contaminant metals. Lead was the metal employed to indicate soil contamination by automotive scrap, but it was observed that the presence of strontium and titanium also could be used to indicate the presence of automotive scrap residue contamination. The depth profile of distribution of elements (Pb and Cr) was determined by ICPOES and in situ by the FO-LIBS prototype at 6 different locations. The profile encountered employing the LIBS system presented good agreement with the profile obtained by the ICPOES technique. The detection limits were 130 and 120 µg g and 100 µg g -1 for Pb in the first and second paper (different sites in each paper), respectively.
Corsi et al. 179 demonstrated the feasibility of doublepulse LIBS to perform the analyses of polluted soils. A mobile prototype, called Modì, developed by Applied Laser Spectroscopy Laboratory of Pisa, Italy, was used. About 5 to 10 times enhancements of the intensities of the spectral lines were observed with the double-pulse system. However, no significant increase of temperature between single and double-pulse plasmas was observed. Employing the calibration-free method, 40 it was possible to detected elements that could not be detected by the single-pulse configuration at the same laser pulse energy (e.g. Cr, Ni and Pb). The intensity enhancements obtained in soil samples were compared with the intensity enhancements for sediment samples and showed a clear influence of particle size on the enhancement of the signal (small particles give higher signals). The soil samples showed lower signal intensity than sediment samples. On the other hand, more compact samples presented higher enhancements in LIBS signals than did granulated samples.
Buckley et al. 241, 242 reported the implementation of LIBS as a continuous emissions monitor for toxic metals. This paper discusses performance improved by nearly two orders of magnitude with in situ monitoring following implementation of conditional data analysis, where only the spectra having information about targeted elements are averaged for a series of 600 to 1200 laser pulses. The results showed detection limits of between 2 and 100 µg/ dscm (dscm is defined as dry standard cubic meter) for the toxic metals Be, Cd, Cr, Hg and Pb.
Archaeological materials and art objects
The field of conservation and restoration of Cultural Inheritances is characterized by increasing requests for non-destructive analytical techniques. Great importance is attributed to the determination of the composition of painted surfaces, with the identification of pigments and binding additives necessary to date and restore them (e.g. oil paintings, ceramics, afrescos). Similarly, the correct identification of the technological type of ancient alloys, together with the knowledge of alteration induced by the environment, is important for both curatorial documentation and conservation purposes. The advantages of LIBS over other quantitative techniques for elemental analyses applied on historical findings are mainly due to its low invasiveness, the possibility to perform in-situ measurements, high spatial discrimination, rapidity and capability for direct analysis without any sample treatment. It is also worth mentioning that the LIBS technique can be used together with cleaning process, often made using lasers, in order to monitor the process by simultaneous acquisition of information of the composition of the ablated during cleaning and avoiding over-cleaning of objects. The use of LIBS in art and archeology has been recently reviewed. 243 However, the number of papers on this subject has increased remarkably during the last few years.
Borgia et al. 244 applied LIBS for a fast and precise elemental analysis in the field of cultural heritage conservation, called calibration-free laser induced breakdown spectroscopy (CF-LIBS). They analyzed some ancient Roman afrescos (II century AD). The results showed that the application of this calibration-free procedure frees the LIBS technique from the need of reference samples or an internal standard. The authors concluded that CF-LIBS is a viable technique for in situ quantitative analysis of artworks, due to its intrinsic speed and precision.
Melessanaki et al. 245 reported the examination of pottery, jewelry and metal artifacts found in archaeological excavations in central and eastern Crete by LIBS. The study showed that the spectral data indicates the qualitative and often the semi-quantitative elemental composition of the examined materials and this study demonstrated the advantages of LIBS analysis in obtaining elemental 493 Pasquini et al. Vol. 18, No. 3, 2007 analysis information about the materials used for making and decorating ancient pottery or metal artifacts.
Colao et al. 246 presented a paper that quantitates LIBS analysis on copper based alloys, including ancient bronzes. The analytical results obtained with calibration curves and a calibration free model were compared on a set of ancient Roman coins. In this study, the double-pulse technique showed that LIBS analytical results could benefit from synchronization between the UV laser sources used, respectively, for cleaning (266 nm) and for LIBS analysis (355 nm).
Fornarini et al. 78 discussed the influence of laser wavelength upon the analytical results obtained with ancient bronzes. A Nd:YAG laser with irradiation at 1064 nm was more effective than the wavelengths of 355 nm. They modeled the laser process ablation with a set of reference samples of quaternary Cu/Sn/Pb/Zn alloys and the difference between laser plume composition and alloy composition was estimated for both of the wavelengths.
LIBS has been demonstrated for depth profiling measurements along the thickness of different types of thin organic films used as protective coatings on historical and archaeological metal objects by Pouli et al. 247 . In this study, the materials examined were acrylic varnish and microcrystalline wax. The output from a nanosecond ArF excimer laser at 193 nm was found appropriate for performing a reliable profiling of the coating and for the ablation etch rate of the corresponding coating material under the same irradiation condition. Finally, this work demonstrated that femtosecond irradiation at 248 nm was better than nanosecond irradiation at 248 nm, yielding well-resolved profiles as a result of efficient ablation achieved by means of the increased non-linear absorption induced by the high power density of the ultrashort pulses.
Fortes et al. 248 discussed the capability of LIBS for characterization and cataloging of metallic objects belonging to the Bronze and Iron Ages. A set of 37 metallic objects from different locations of the Southeastern Iberian Peninsula were sorted according to their metal content. They were able to detect Cu, As, Sn, Pb and Fe in the metallic samples.
Lazic et al. 249 studied the detection of different archaeological materials immersed in seawater by means of LIBS. The materials found in undersea archaeological parks, such as iron, copper-based alloys, precious alloys, marble and wood was examined.
Acquaviva et al. 250 discussed elemental analyses carried out by LIBS as a restoration test on a piece of ordnance. The technique was used to investigate the composition of a gun found on the Adriatic seabed and kept in the S. Castromediano Provincial Museum in Lecce (Italy). LIBS investigation was performed before and after its restoration. The results showed that the gun is made of bronze. While the presence of copper and tin was confirmed by energy dispersion X-ray spectroscopy.
Anglos et al. 251 and Golovlev et al. 252, 253 used the LIBS technique to characterize the elemental composition of the surface and interior of 19 th century, metal-based photographs called daguerreotypes. Major components of the daguerreotype surface include Ag, Cu, and Au. Minor components such as Si, Al, Ca and Mg reflect contaminant particles arising primarily from the cover glass. The LIBS technique is useful to understanding the composition of daguerreotypes and for identifying the specific pigments used by the photographer.
LIBS for determination of pigments and inks
Burgio et al. 165 reported the use of LIBS in combination with Raman microscopy for the identification of pigments in different types of painted works of art. The elemental analysis information obtained from the LIBS measurements was confirmed by the Raman measurements, which led to the identification of most pigments. They found Hg, Mg, Pb, Ca, Fe, Al and Si in most of the works of art analyzed.
Melessanaki et al. 254 investigated by LIBS the in situ identification of pigments in an illuminated manuscript dated from the 12 th -13 th century. In parallel to LIBS, hyperspectral imaging analysis was performed. They detected Al, Ag, Au, Ca, Cu, Hg, Mg, Na, Pb, Si, Sn and Ti in the illuminated manuscript by LIBS.
Castillejo et al. 255 used two laser-based analytical techniques, LIBS and Raman microscopy, for the identification of pigments on a polychrome in a fragment of a gilded altarpiece of the Spanish Rococo period. The results were obtained with the fundamental (1064 nm) and the third harmonic (355 nm) of a Q-switched Nd:YAG laser (laser pulse of energy in the range 2-10 mJ). This work demonstrated the potential of laser-based analytical methods as an alternative to traditional techniques for the characterization of successive layers of pigments in painted structures such as polychromes.
Martin et al. 256 reported the analysis of two real samples of polychromes from the Spanish Baroque period and from the 15 th century, by time-integrated LIBS. The time-integrated spectra showed negligible contributions of continuum background emission. In this work, the samples were irradiated with a XeCl laser (308 nm, 17 mJ, 10 ns) and the results compared to the third harmonic of a Nd:YAG laser (355 nm, 10 mJ, 10 ns). The results showed Ca, Al, Mg, Na, and Pb emission lines in the spectra of the 15 th century samples.
Oujja et al. 257 discussed the structural characterization and identification of inks of contemporary artistic prints by LIBS. In this work, they compared the LIBS results with SEM, and indicated that LIBS is more sensitive for the detection of elements that are present in minor concentrations. The analysis showed Ca, Ca 2 , Al, Na and CN in an Arches Paper sample. This study showed the potential of LIBS for the chemical and structural characterization of artistic prints.
Bicchieri et al. 258 related the characterization of azurite and lazurite based pigments (blue pigments in medieval manuscripts) by LIBS and micro-Raman spectroscopy. They showed that Raman spectroscopy and LIBS are perfectly complementary concerning the information that can be obtained (molecular structure and quantitative elemental composition). Moreover, the LIBS capability of performing stratigraphic measurement could be interesting for the analysis of paintings and illuminated manuscripts.
Castillejo et al. 259 related the use of two laser-based analytical techniques, LIBS and Raman microscopy, to analyze a polychrome from the Rococo period. They found that combining LIBS (1064 nm, pulse energy = 10 mJ) with Raman microscopy provides reliable and complete information on the pigment composition of the successive layers of a polychrome.
Clark et al. 260 related the combination of application of Raman spectroscopy and LIBS for the identification of pigments at different depths below the surfaces of painted artworks such as icons and polychromes. The results revealed the identities of the pigments found in the upper layers (white lead, zinc oxide used for repair purposes, vermilion, red earth) above a silver foil. They emphasized the power of the combined application of the two techniques for stratigraphic analyses of the pigmentation on artworks.
Castillejo et al. 261 used four spectroscopic techniques, Fourier transform Raman (FTR), FTIR, LIBS, and LIF to characterize the pigment and binder composition of polychromes from Spain (13 th century). For the LIBS technique, a KrF excimer laser (13 mJ) was used. The authors concluded that LIBS is better than Raman spectra, because some Hg, Pb, and Fe containing pigments cannot be clearly assigned in the Raman spectra.
Brysbaert et al. 262 reported pigment analysis in Bronze Age Aegean and Eastern Mediterranean painted plaster by LIBS. In this study, the third harmonic (355 nm, 10 ns, 2-5 mJ pulse -1 ) of a nanosecond Q-switched Nd:YAG laser was used. This study showed that the LIBS technique cannot completely replace other, more sophisticated and destructive techniques but, as shown in this work, in combination with micro-Raman analysis it can provide complete identification for several organic and inorganic pigments, provided that the necessary reference libraries are available. They proposed that this combination may replace, at least partly, the traditional combination of XRD and SEM-EDS.
Use in pottery and ceramic analysis
Terra Sigillata archaeological ceramics manufactured in different production centers were studied by LIBS by López et al. 263 . They established a procedure for the rapid classification of these ceramics as a function of their provenance by means of a combination of LIBS and statistical methods. The use of linear correlations allows for clustering the samples by quantitative comparison of LIBS spectra.
López et al. 264 applied the LIBS technique for the analysis of Hispanic Terra Sigillata (Roman) pottery dating back to the 1 st -5 th century A.C. from two important ceramic production centers in Spain. Complementary analyses were carried out with scanning electron microscopy linked with energy dispersive X-ray microanalysis (SEM/EDX). In this study they distinguished differences between slip and body and characterized the transition between both parts of the sample. In all the cases investigated, Ca and Fe are the elements which better defined the transition. Other elements such as Si or Al showed the differences existing between slip and body in these ancient ceramics in relation with their region and period of production. The LIBS technique detected, in all the samples analyzed, elements such as Mg and Ti that were not detected by EDX. They proved that the LIBS technique, in combination with the other analytical techniques, can provide useful scientific information in archaeological studies.
Colao et al. 265 investigated different types of artworks, such as medieval glazed Umbrian pottery and copper based alloys from Roman and modern periods, using the LIBS technique. Semi-quantitative analyses on the multi-layered ceramics regarding glaze, luster and pigment decorations present on the surface. The results showed that on the ancient pottery, LIBS measurements allowed semiquantitative determinations of both the glaze and the decorative layer composition and consequently to classify the materials used. When compared to the other analytical techniques and literature data, LIBS demonstrated to be a promising technique for fast, non-destructive analyses of ceramic samples.
Yoon et al. 266 applied the LIBS technique to analyze ancient pottery glaze. The major glaze elements such as Fe, Ca, Mg, Al and Si were found. The authors compared 495 Pasquini et al. Vol. 18, No. 3, 2007 the results with X-ray fluorescence. Elemental analysis showed that the glaze color differences were due to Fe content variations.
Lazic et al. 267 reported the analyses of glaze and decorations present on the surface of Renaissance Umbrian pottery, performed by means of different spectroscopic and optical techniques, such as laser induced fluorescence (LIF) and LIBS. In this study, two types of ancient lustre were considered: red and gold. The time resolved LIF signatures of the red and gold lustres were identified by applying a laser excitation at 355 nm, with a delay of at least 450 ns from the laser pulse. The LIBS technique was applied on all the ceramic layers to determine semiquantitatively their elemental composition. The results showed that the LIBS measurements, compared to other analytical and literature data, can be considered satisfactory for non-destructive semiquantitative analyses of ceramic samples.
Anzano et al. 268 described the use of LIBS to identify pottery groups manufactured in early Roman settlements. The LIBS spectra from ceramics in a 200-800 nm spectral window were compared with reference spectral libraries. The LIBS spectra of 8 archaeological samples were studied. Linear and non-parametric correlations were applied for classification of spectral data with approximately the same results. The robustness of the technique was demonstrated by the 90-99% reliability of the identification of almost all analyzed ceramics.
Determination of marble and marble incrustations
Compositional characterization of incrustations on marble with LIBS was proposed by Maravelaki-Kalaitzaki et al. 269 The elemental LIBS profiles of black incrustations based on relative spectral line intensity values showed that the Fe, Si, Al and Ti contents relative to Ca content decrease significantly with depth. Thus, the contamination is decreasing within the altered layers, since these elements originate from atmospheric pollution and deposition. In the case of soil-dust incrustation and patina samples Si(I) and Al(I) emissions, identified throughout the analyzed crust, indicate deposition of soils-dust and remnants of previous treatments, respectively. They emphasized that LIBS is a micro-destructive technique and can be used as an autonomous in-situ diagnostic technique to obtain indepth elemental profiling of incrustation even in cases of highly non-homogeneous layered crusts.
Lazic et al. 270 analyzed white marble samples from ancient quarries by LIBS, both on the bulk material and on surface incrustations. In order to compare such different spectra, a method for data analysis was developed. The results allowed the identification of the impurities characteristic of marble and their incrustations. In this work, the accuracy of the analytical procedure was checked by comparative SEM-EDX and ICPOES measurements and the quantification of metal contents in the incrustations supported the occurrence of sulfates in the outer layers exposed to environmental agents.
Maravelaki-Kalaitzaki et al. 271 discussed the use and control of excimer lasers (KrF, λ = 248 nm and XeCl, λ = 308 nm) for the removal of incrustations (black crust, soildust and biological deposits) from Pentelic marble. To detect chemical composition and crust morphology, as well as to monitor the effects induced by the laser treatment, the authors used a number of surface analytical techniques, such as Fourier transform infrared spectroscopy (FTIR), SEM-EDX, X-ray diffraction (XRD), LIBS and optical microscopy. They concluded that the relative concentrations of the elements Si, Al, Fe, Cl, Na and K decrease significantly with depth using the LIBS technique.
LIBS for monitoring cleaning processes of art artifacts
Klein et al. 272, 273 used the LIBS technique to control the cleaning process of polluted sandstone and medieval stained glass. They combined a KrF excimer (248 nm, pulses of 30 ns, 240 mJ) and LIBS to clean areas of the artwork. They concluded that the monitoring of the relative intensities of relevant emission peaks of several elements (Si, Mg, Ca e Al) can be used as a control parameter for the cleaning process as their relative intensity changes as the laser ablation removes the superficial incrustation. Later, Klein et al. 274 studied the feasibility and the comparison of different laser wavelengths in removing various types of incrustations from marble and stone. The fundamental wavelengths of a Q-switched Nd:YAG laser (1064 nm) and the second and third harmonic wavelength of the Nd:YAG laser (λ = 532 and 355 nm, respectively) were used in this work. The second harmonic wavelength was not able to remove the artificial black incrustation without leaving remnants of the incrustation. Irradiation by the fundamental mode caused a dramatic color-change. The third harmonic showed the best result. They used the LIBS technique to evaluate the results of removal.
Colao et al. 275 used LIBS as a diagnostic tool during the laser cleaning of ancient marble from Mediterranean areas. In this work, the effectiveness of the cleaning process was monitored by following the disappearance from the LIBS spectra of the incrustation elements during successive laser shots. The process was also accompanied by SEM imagining and EDX analyses, and the potential of the LIBS method was demonstrated. Castillejo et al. 276 studied the effect of wavelength on laser cleaning of polychromes on wood (fragments of a 14 th century) using the four harmonics of a Q-swiched Nd:YAG laser (1064, 532, 355 and 266 nm, 5 ns). To verify the best wavelength irradiation conditions to clean red, green, yellow and black painted areas. In this work, the modifications induced on the surface of the samples by the irradiation of the laser were studied using optical and vibrational spectroscopies, such as LIF, LIBS, FT-Raman and FT-IR. They observed that soiled red, green and yellow painted areas are efficiently cleaned using the 266 nm Nd:YAG laser wavelength. The third harmonic of the Nd:YAG laser at 355 nm was also adequate for cleaning the yellow areas. Laser treatment of the surface with the fundamental and second harmonics (1064 and 532 nm, respectively) induces various degrees of discoloration. The results showed that the pigments have been identified as vermilion (red), verdigris (green), orpiment (yellow) and amorphous carbon (black). In this work, only the LIBS technique gave indication of a copper based composition, in agreement with the identification by restorers of the pigment verdigris.
Castillejo et al. 277 reported a study on the chemical and physical changes induced by a KrF excimer laser at 248 nm on tempera paint dosimeter systems. The changes were evaluated by using a range of analytical techniques. These include profilometry, colorimetry, optical and vibrational spectroscopies, such as LIF, LIBS, FTR, and FT-IR. For LIBS measurements, the output of the KrF laser was focused on the surface of the samples by a quartz lens to reach the high-energy fluence needed for the formation of a plasma plume (0.5-1 J cm -2 ). This work indicates that LIBS, in addition to its use as an on-line monitoring technique, also serves as an analytical tool for the evaluation of changes on the surface of laser-treated paints immediately after treatment.
Tornari et al. 278 discussed a laser-based methodology for the cleaning of artworks, with emphasis on the preservation of their structural integrity and identity. In this work, the control of material removal during laser cleaning was achieved by using LIBS. A Q-switched Nd:YAG laser operating at 1064 nm (fluence of 1.4 J cm -2 ) was used. The authors combined the LIBS technique with structural analysis by holographic interferometry.
Scholten et al. 279 developed an innovative laser restoration tool for non-contact cleaning of painted artworks. They used several monitoring techniques during laser ablation and showed that LIBS is a suitable diagnostic technique for on-line control when there is a gradient in the concentration of various elements or in the degree of oxidation.
LIBS for analysis in space
Sallé et al. 280 reported a study of the in situ LIBS method at reduced pressure (9.21×10 -3 atm CO 2 to simulate the Martian atmosphere) and at near vacuum (6.58×10 -5 atm in air to simulate moon or asteroids pressure) as well as at atmospheric pressure in air (for Earth conditions and comparison). They showed the influence of the ambient pressure on the analytical curves prepared from certified soil and clay pellets. The results showed that useful analytical curves could be obtained at reduced pressure without temporal resolution of the emission signal. In this paper, the best linear regression coefficient and the best repeatability were obtained at 9.21×10 -3 atm of CO 2 (Martian conditions).
Radziemski et al. 281 studied emissions from the LIBS plasma in the 100-200 nm region using a sample chamber filled with 9.18 × 10 -3 atm of CO 2 to simulate the Martian atmosphere. The effects of delay time and laser energy on LIBS detection at reduced pressure were examined. The effect of ambient CO 2 on the detection of C in soil was also examined. Useful lines for the spectrochemical analysis of As, Br, S, Cl, P and C were determined.
In another study, Sallé et al. 134 tested the capabilities of two different experimental setups for in situ geochemical analysis of Mars soils and rocks at stand-off distances up to several meters using the LIBS technique. They established analytical curves for elements presents in Al alloys and in Martian atmospheric conditions. For Cr, Mg, and Si, the detection limits obtained were very close to those reported in the literature for more standard LIBS setups.
Knight et al. 149 presented the results of the characterization of LIBS for the stand-off analysis of soils at reduced air pressures and in a simulated Martian atmosphere (6.58×10 -3 -9.21×10 -3 atm pressure of CO 2 ). In this work, under Martian conditions, the analyte signals appear to be somewhat enhanced over those recorded at atmospheric pressure due to increased ablation. For other space applications in which the ambient pressure was below 1.32×10 -3 atm, there was a significant decrease in the analyte signals, resulting in higher detection limits.
Application to pharmaceutical products
St-Onge et al. 282 reported on the capabilities of LIBS for rapid analysis of multi-component pharmaceutical tablets. They showed that changing the plasma environment (e.g., with a He flow over the tablet surface) or using internal standardization (with carbon line or the plasma continuum emission) can bring significant 497 Pasquini et al. Vol. 18, No. 3, 2007 improvements to the analytical performance of LIBS, namely of sensitivity, linearity, precision and reduction of matrix effects.
Mowery et al. 283 have utilized the LIBS technique as a rapid means of simultaneously determining the thickness and uniformity of an enteric coating on compressed tablets. The emission spectra of all 4 elements (Ti, Si, Mg and Ca) were simultaneously monitored as a function of the number of laser pulses in the same spatial location. They calibrated the depth of penetration of individual laser pulses using profilometry. The results indicate that a change in coating application of less than 2 m/m% on a 100 mg tablet can be easily detected.
More recently, St-Onge et al. 284 demonstrated the possibilities offered by LIBS for the direct and rapid analysis of liquid pharmaceutical formulations. They chose sodium chloride in solution as a model compound. A pulsed Nd:YAG laser (1064 nm, 10 ns) was used to produce a gaseous plasma from the liquid sample. The results showed that using surface analysis of a flowing solution, the RSD of a measurement lasting 50 s (average of 50 laser shots at 1 shot s -1 ) was approximately 0.5% for isotonic solutions.
Medical and biological applications
Samek et al. [285] [286] [287] reported on quantitative LIBS analysis to study the presence of trace minerals in teeth. In these papers, selections of teeth from different age groups were investigated. The samples showed a series of elements normally present in trace amounts in biological specimens. The authors concluded that the concentrations of aluminium found in the teeth under investigation could most likely be attributed to the use of toothpaste with whitening additives as well as the presence of fillings.
Samek et al. 164 reported on the application of LIBS to the analysis of important minerals and the accumulation of potentially toxic elements in calcified tissue to trace the influence of environmental exposure and other medical or biological factors. This paper exemplified quantitative detection and mapping of Al, Pb, and Sr in representative samples, including teeth and bones. They studied this approach in detail for traces of Al, Pb, and Sr in over 50 specimens.
Sun et al. 288 investigated the feasibility of using LIBS as a quick and simple technique to analyze trace elemental concentrations in the stratum corneum of human skin. A 60 mJ pulse -1 Nd:YAG laser operating at 1064 nm (pulse duration of 5 ns) was used to form the laser-induced plasma. An analytical curve with a linear correlation coefficient of 0.998 and a detection limit of 0.3 ng cm -2 were obtained for Zn. The results indicate that Zn was absorbed through the skin and the concentration decreased exponentially with depth into the skin.
Corsi et al. 289 analyzed the concentration of the main minerals present in human hair by calibration-free laserinduced breakdown spectroscopy (CF-LIBS). The results showed that CF-LIBS can be considered as a very promising technique for hair tissue mineral analysis. This technique allows for the determination of relative concentrations of the most interesting elements in hair, at levels of a few mg per 100 g of materials.
Fang et al. 290 used the LIBS technique to analyze and identify elemental constituents of urinary calculi. The results showed that the elements detected with this study were: Ca, Mg, Na, Sr, K and Pb. In this study they concluded that the technique offers the possibility of accurate measurements of trace elements in such stones without the need for any elaborate sample preparation, but for quantitative measurements the system needs to be calibrated for each elemental species.
Kumar et al. 291 Martin et al. 292 applied the LIBS technique for the identification of metals such as palladium and silver dispersed in bacterial cellulose membranes. In this study, the experiments were conducted by use of wet and dry metal-doped membranes. To the authors, the advantage of this laser-based technique is that minimal sample handling and sample preparation are needed and measurements are completed in real time.
Aerosol measurements by LIBS
The use of LIBS for aerosol measurement has been reviewed by Martin et al. 3 Since their survey, many efforts have been made to improve the quality of the results and to extend the use of LIBS to analysis of aerosols.
Neuhauser et al. 171, 293, 294 reported the development of a mobile system for a direct analysis of automatically acquired aerosol filter samples. The authors concluded that LIBS have a considerable potential for characterization of heavy metal aerosols. The detection limits for heavy metals presented a range from about 10 to 500 ng cm -2 . Boyain-Goitia et al. 295 showed an application of LIBS for the analysis of single biological microparticles (bioaerosols), such as the pollens of a variety of flowers. The spectra were recorded by exposure of the pollens to a single laser pulse from a Nd:YAG laser (λ = 1064 nm, 30 mJ). They detected C, Mg, CN, Ca, Al, Cr, C 2 , and Na. The overall conclusions that can be drawn from this work are that single-pulse, single bioaerosol analysis is indeed feasible but that substantial technical development work still needs to be done and that many more species need to be measured to generate a suitable reference library before detection and identification can be made reliably in real time.
Mukherjee et al. 296 described a method for the quantitative use of LIBS for the compositional characterization of nanoaerosols, using an internal standard. This work establishes LIBS as an effective analytical tool for quantitative estimation of the extent of oxidation in Al nanoparticles from time-resolved atomic emission spectra. The approach involves finding the optimal laser delay time to collect spectra for each of the elemental species of interest and measuring the plasma temperature and argon density under the same conditions.
Martin and Chang 297 used time-resolved LIBS as a tool for the detection of chromium in aerosols. In this article, LIBS was used to obtain the lowest limits of detection for chromium (400 ng dscm -1 ) in droplets. A comparison with other LIBS instruments and with ICPOES showed that the limits of detection for chromium metal in aerosols range from 12 to 60 µg dscm -1 and 200 ng dscm -1 for LIBS and ICPOES, respectively. They have studied the effects of laser wavelength, excitation energy and optimum spectrometer delay time to optimize these low limits of detection.
The plasma-analyte interactions in double-pulse LIBS analysis of gaseous and aerosol samples have been reported by Windom et al. 298 . The authors described a 2-fold increase in the peak-to-base ratio and 4-fold increase for the signal-to-noise ratio with an increase in single particle rate when the results of the double-pulse are compared with the single-pulse system.
Military and homeland-security applications
DeLucia Jr. et al. 126 related a series of laboratory experiments using the LIBS technique for the potential detection of terrorist threats. The ability to discriminate between several chemical agent simulants presents on soil under laboratory conditions was demonstrated. They analyzed LIBS spectra of explosives and explosive devices such as landmines, chemical agent simulants, and biological agent simulants. The results showed that its versatility makes an especially attractive candidate sensor for a variety of security related applications. Harmon et al. 175 used the LIBS technique for landmine detection and discrimination. In this work the detection and discrimination were evaluated using both a laboratory LIBS and a prototype man-portable LIBS systems. Using a linear correlation approach, 'mine/ no mine' determinations were correctly made for more than 90% of the samples in both tests. The results illustrate the potential that LIBS has to be developed into a confirmatory sensor system for landmine detection. Schade et al. 299 applied LIBS in combination with a conventional mine prodder for remote detection of explosives and mine housing material. In this work high powered subnanosecond laser pulses (1064 nm, pulse energy of 0.6 mJ and pulse duration of 650 ps) from a passively Q-switched Nd:YAG laser were used. The ratios of LIBS intensities for cyanide (CN) plasma emission at 388 nm and for the C-emission at 248 nm were used and this allowed the classification of different explosives and mine casing materials under real time conditions. DeLucia Jr et al. 300 discussed the analysis of a number of energetic materials and explosives by LIBS. They include black powder, neat explosives such as TNT, PETN, HMX, and RDX, propellants such as M43 and JA2, and military explosives such as C4 and LX-14. The authors related that the laser beam did not detonate any of the energetic materials studied. They observed that these nitrogen and oxygen rich materials yield LIBS spectra in air that have correspondingly different O:N peak ratios compared with air and this difference can help in the detection and identification of such energetic materials.
Morel et al. 301 used the LIBS technique for analyzing biological matter for the detection of biological hazards. Eight species were considered in this experiment, 6 bacteria and 2 pollens in pellet form. A 1064 nm Nd:YAG laser (100 mJ pulses during 6 ns) was used. Time-resolved LIBS exhibits good ability in differentiating among the 8 species.
Baudelet et al. 302 studied a sample of Escherichia coli by LIBS using femtosecond pulses. In this work, the spectrum showed strong CN molecular bands due to the direct ablation of native CN molecular bonds from the bacteria in contrast with weak atomic lines from carbon. To the authors, the association of significant and relevant molecular spectral information with atomic spectral information makes femtosecond LIBS a powerful analytical tool to address organic or biological samples. 303 reported on the use of LIBS to determine whether the hands of a suspected gun user contain traces of gunshot residue (mainly Ba and Pb). 499 Pasquini et al. Vol. 18, No. 3, 2007 The samples were obtained by pressing adhesive tape against the skin of the suspect and analyzing the tape directly. Barium and Pb emissions predominate in the samples collected from a person who has recently shot a gun. The error rates associated with the LIBS identification of a subject who fired one shot from a clean gun were evaluated by Monte Carlo simulation techniques. The results showed that the use of the maximum signal, rather than the average, allows LIBS to detect the presence of particulate matter on the hands of a suspected shooter.
Forensic analysis

Dockery and Goode
Almirall et al. 304 evaluated the LIBS technique as a tool for the forensic elemental analysis of glass and compared in performance to other elemental techniques. A Nd:YAG 1064 nm, 60 mJ pulse -1 was used. They concluded that LIBS offers potential as a discriminating technique that is fast, easy to use, almost non-destructive and relatively inexpensive.
Miscellaneous applications
Gleason and Hahn 305 discussed the process associated with mercury atomic emission in a LIBS and the interactions of mercury with oxygen species. The authors demonstrated that LIBS-based analysis of the 253.7 nm mercury atomic transition is affected by the presence of oxygen. In this study, based on plasma temperature measurements, thermal effects are not responsible for the observed signal reduction and the authors suggested several solutions to real-time monitoring problems, such as the use of temporal gating to limit mercury emission detection to relatively early temporal regimes where the potential effects of molecular quenching is mitigated by the presence of atomic oxygen.
Chen et al. 306 used the LIBS technique to map the distribution of particulate matter inside the plume created by laser ablation of a brass target. They used two lasers in this work, one Nd:YAG laser was focused on the target by means of a 150 mm focal length. The second Nd:YAG laser was focused on the plume by means of a 50 mm focal length positive lens. Both lasers were operated at the fundamental harmonic (1064 nm) and the energies of the first and the second lasers were 600 and 300 mJ, respectively. This study proved that LIBS is a useful tool for mapping the distribution of the particulate matter inside the plume created by laser ablation.
Fink et al. 307 discussed the use of LIBS for elemental characterization of recycled thermoplasts from consumer electronics. The experimental parameters (wavelength, delay time, integration time gate and irradiance) and corresponding analytical figures of merit were determined. The results showed that employing an echelle spectrograph allowed fast multielement analysis (Ti, Sb, Zn, Sn, Al, Cd, Cr, Pb) due to superior spectral coverage and spectral resolution.
Gornushkin et al. 308 reliably identified several groups of iron-based particulate materials (iron ores and iron oxides) by correlation analysis using a microscopic laser induced breakdown spectrometer. The robustness of the technique was demonstrated by the nearly 100% reliable identification of NIST iron ores and natural iron ore samples. To the authors, this technique should have applications in the metallurgical, mining, and semiconductor industries, and in medical, environmental and forensic sciences.
Caneve et al. 309 applied the LIBS technique to test the possibility of detecting and identifying asbestos in different samples with the perspective of extending this to field analysis without sample preparation. In this work, ratios of intensities of characteristic elements were tested as indicators for asbestos recognition. The results indicated a good correlation for Mg/Si and Fe/Si (spectral region around 290 nm) and showed the capability of LIBS as a diagnostic tool for this category of materials. The results were compared with those obtained by analyzing the same asbestos samples with a scanning electron microscopic equipped with an energy dispersive X-ray spectroscopic.
Ferioli and Buckley 310 described the use of LIBS for direct measurement of atomic species over a wide range of mixture fractions of C 3 H 8 , CH 4 , and CO 2 in air. Atomic emission from laser-induced plasmas was observed and ratios of elemental lines present in the spectra were used to infer composition in reactants and in flames. In this paper the authors demonstrated that LIBS could be used to obtain quantitative equivalence ratio measurements for propane and methane in air and the C/(N + O) atomic ratio was used to quantify mixture fraction of C 3 H 8 in air, and data from individual breakdown events have a RSD of 3% of the mean for mixtures of 0, 1 and 2% propane in air.
Smith et al. 311 applied LIBS for the determination of plutonium isotope ratios by direct observation of atomic emissions from laser-induced plasmas at high resolution. The Pu-239/Pu-240 isotope shift of -0.355 cm -1 from the plutonium atomic line at 594.52202 nm was clearly resolved in this work. The observed plutonium linewidths were 0.19 cm -1 (6.7 pm) and these linewidths are within the experimental error of the ideal instrument-limited linewidths, which was calculated to be 0. 15 D´Ulivo et al. 316 reported the application of LIBS to the determination of deuterium/hydrogen number ratio (β) in headspace gases. The results showed that the best performances were obtained for β close to unity, which makes LIBS perfectly suited for the detection of H-D exchange taking place during aqueous hydrolysis of NaBD 4 or NaBH 4 .
Wilsch et al. 317 proposed the use of a LIBS technique for on-site application having the possibility to investigate a wide range of different measuring points. The LIBS setup consists of a pulsed Nd:YAG laser (pulse duration of 10 ns, 300 mJ pulse -1 , repetition rate of 20 Hz, 1064 nm) that was focused on the surface of the sample. The results found for chloride in concrete structures were successfully validated by comparison with the results of standard chemical measurements.
Nasrazadani and Namduri 318 used LIBS to take the spectra of iron oxides samples. Complementary techniques to LIBS, such as FTIR spectroscopy and X-ray diffraction (XRD) analysis were also used to characterize iron oxides. This study demonstrates that LIBS can be successfully applied to characterize the oxidation states of multivalent oxides of elements like Fe, Cr, Pb and others.
Cáceres et al. 319 reported a simple quick-freeze method for the quantitative analysis of trace metal ions in liquids applying the LIBS technique. They reported that using this procedure with calibrated samples, well-characterized linear analytical curves were determined for Na and Al water solutions over the 0.01-1% concentration range. The results allowed detection limits of the order of mg kg -1 . LIBS was applied to determine the carbon content of pulverized coal, char and fly ash by Noda et al. 320 The authors tested the applicability under several gas conditions. The results showed that the simultaneous detection of Si, Al, Fe, Ca and C requires a spectrograph having a wide wavelength range to detect the carbon signal with high resolution as well as the Si, Al, Fe and Ca signals. In this paper emission signals were detected using a two grating spectrograph (f = 250 mm, grating 1: 3600 lines mm -1 ; grating 2: 600 lines mm -1 ) and an ICCD camera (integration time gate of 200 ns) with a Nd:YAG laser at 1064 nm.
Lal et al. 321 investigated the application of LIBS for the determination of the elemental composition of the glass batch used as a surrogate for radioactive glass waste and that used to manufacture the most common type of flat glass. This study clearly demonstrated the potential of LIBS for in situ monitoring of glass batches in the glass industry. The accuracy and precision of the glass-batch measurements with both systems are better than 5% for the major elements and better than 10% for most of the minor elements. Lal et al. 322 also investigated the effect of various parameters on the accuracy of the LIBS data taken from pellet samples. The results showed that the RSD of the LIBS data obtained using pellets was approximately 10 times lower than that of the data acquired from powdered samples.
Molina et al. 323 studied the effect of temperature and CO 2 concentration on laser-induced breakdown spectroscopy measurements of alkali fume. They used a Q-switched, Nd:YAG laser with a 10 ns pulse duration, a typical output energy of 360 mJ, and a repetition rate of 5 Hz was operated at the fundamental frequency (1064 nm). The experiments showed that, for a delay time of 10 µs and an integration time gate of 50 µs, the presence of CO 2 and changes in gas temperature affect the intensity of both the continuum emission and the Na D lines. The intensity increased for the neutral Ca and Mg lines in the presence of 21% CO 2 when compared to 100% N 2 , whereas the intensity of the ionic Mg and Ca lines decreased.
Häkkänen and Korppi-Tommola 324 used LIBS to study inorganic pigment and organic binder distributions in paper coatings. The plasma was generated by focusing a pulsed XeCl excimer laser beam (diameter 100 µm, irradiance 0.3 GW cm -2 , 15 ns) on the sample surface at atmospheric pressure. Emission line intensities from ionic 501 Pasquini et al. Vol. 18, No. 3, 2007 and neutral magnesium atoms were used to effect plasma temperature corrections in determining silicon and calcium in coatings. For the coatings containing calcium carbonate the self-absorption of the Ca(I) 423 nm line in air was observed. In an argon buffer, self-absorption was not present. Later, Häkkänen et al. 325 used LIBS to determine various properties of coated and uncoated papers. Depth profiles of double-coated papers were determined and microscopic variations of pigments in a double-coated paper were also analyzed. The results showed that the carbon-calcium intensity ratio increases with binder content and, in the samples analyzed, the binder concentration is higher in the top most layer than in the second layer.
Bicchieri et al. 326 discussed a study of foxing stains on paper by chemical methods, infrared spectroscopy, micro-X-ray fluorescence spectrometry and LIBS. They decided to focus on the influence of the different Fe valences in the formation of stains in the paper. They obtained precise elemental information from LIBS and structural information from vibrational spectroscopy.
Chemometrics applications
Statistical methods have been used to interpret spectroscopic data produced by a variety of techniques aimed at many applications. Nevertheless, relatively few papers have been published combining the attractive features of LIBS (no sample preparation, rapid data collection, rugged design and, mainly, its multivariate nature) with the analyzing power of chemometrics, such as partial least-squares regression (PLS), 327, 328 pattern recognition (principal component analysis, PCA, and cluster analysis), [329] [330] [331] [332] [333] soft independent modeling of class analogy (SIMCA), 334 neural networks analysis (NNA), [335] [336] [337] [338] among others.
Munson et al. 339 investigated the efficiency of sample identification using LIBS coupled with various statistical techniques, such as linear correlation, PCA and SIMCA. The influence of data selection, sample averaging, spectral weighting, LIBS laser power and the sample matrix on the ability of these statistical models to perform species differentiation was studied. Samples investigated include several biological warfare agent simulants, biological interferents (pollens and molds), and chemical nerve agent simulants. The results indicate that spectral averaging and weighting schemes may be used to significantly improve sample differentiation.
Amador-Hernández et al. 340 proposed the application of LIBS for quantitative determination of gold and silver in Au-Ag-Cu alloys. The study showed that the determination of gold and silver in jewelry samples could be satisfactorily developed by LIBS-PLS methods. In this work the influence of some spectral characteristics (e.g. emission line interferences, high-continuum background, line broadening effects, self-absorption and self-reversal phenomena) were tested in order to establish the capabilities of PLS to enhance analytical results obtained with simple, low cost instrumentation. Garcia-Ayuso et al. 341 discussed the suitability of LIBS for the characterization of jewelry products by the development of a method based on the use of an Nd-YAG laser. The method was developed by using both multivariate optimization and calibration procedures with application of the appropriate quality criteria. Chemometric analysis of the data and the use of PLS regression for calibration guaranteed the ruggedness of the proposed method. In spite of the interferences present in the samples, the results confirmed the good predictive ability of the PLS models for the analysis for Au and Ag in jewelry. Later, JuradoLópez and Luque de Castro [342] [343] [344] reported on a new application of LIBS and multivariate data analysis, namely PLS regression, using jewelry as the example. The method was designed for the quantitative characterization of the interface of gold-filled jewelry by monitoring the emission lines of the elements present in the sample, while subjecting the piece to a number of separate laser pulses. The method also provided quantitative information about the composition of a given layer of special interest at the interface in order to know the existence of diffusion phenomena.
Jurado-López and Luque de Castro 345 studied the composition of the alloys used in the manufacture of jewelry pieces with the help of a spectral library. This work employed the LIBS spectra set of 32 alloys, with 25 of them chosen as library standards and seven used as prediction samples. The composition of the alloys was obtained by FAAS and a rank correlation method was applied for comparison between spectra. The composition of the samples was also predicted by PLS regression. The study showed the capacity of this technique for the rapid analysis of these types of material. They also made a comparison between a LIBS-PLS method and methods based on some well-known techniques, such as ICPOES, FAAS, and atomic scanning microscopy (ASM). 346 This study was presented in order to both validate the content of gold and silver in alloys to be used as solid standards and developed an alternative to the established methods for the hallmark of gold and silver in jewelry. Seventeen alloys with gold concentrations between 80 and 100% and variable concentration of other metals usually present in jewelry were used as solid standards for LIBS. The results confirmed a good predictive ability of the PLS models based on LIBS data for the analysis of gold and silver in jewelry, in comparison with the other well-known instrumental methods for metal determination.
Luque-García et al. 347 applied the LIBS-PLS method for the analysis of solid samples (homogeneous and heterogeneous). Results of the LIBS-PLS method were statistically compared with those obtained by GFAAS (for Ag and Cu) and FAES (for Ca) and a good agreement between the results was found. Although the LIBS method is not as accurate as the conventional methods, its use has a series of advantages (rapidity, no sample destruction and spatial resolution).
Martin et al. 348 Sirven et al. 349 discussed the used of LIBS for the analysis of 3 chromium-doped soils. In this work two chemometric methods, PCA and NNA, were used to discriminate soils on the basis of their LIBS spectra. Prediction accuracy and precision of 4-5% were obtained with a reasonably small neural network.
Amador-Hernández et al. 350, 351 proposed a simple and rapid method based on LIBS-pattern recognition for the three-dimensional characterization of screen-printed electrodes. The identifications of the elements found in the electrodes were carried out by comparison of their plasma emission spectra with those obtained from standard materials and tabulated data. Neutral atomic line emissions observed in the visible region from 450 to 610 nm were selected for the determination of the major components during the three-dimensional study of the electrode, as such, C (I) at 513.3 nm, Ag (I) at 520.9 nm, Au (I) at 523.0 nm, Pd (I) at 529.6 nm, Pt (I) at 530.1 nm and Ti (I) at 498.2 nm. The application of principal component analysis-cluster analysis (PCA-CA) was an excellent aid for classification of the available spectroscopic information, in order to establish patterns of the lateral and in-depth distribution of all elements.
Corsi et al. 352 discussed the use of LIBS to analyze archaeological copper objects from the burial site of "Fontino" cave. In this work, the samples were classified using PCA and a quantitative analysis of the elemental composition of 11 different elements ranging from the major matrix element (Cu, more than 90%) to trace elements (Ag, Al, As, Fe, Pb, Sb) was made. The analyses were performed without the need for reference standards.
Samuels et al. 353 used LIBS to study bacterial spores, molds, pollens and proteins. In this work, each LIBS spectrum was analyzed by PCA and was found to contain adequate information to support discrimination among these biomaterials.
Sirven et al. 354 related the use of LIBS to measure chromium concentrations in soil samples. They made a comparison between direct use of the analytical curve and two chemometric techniques, PLS and NNA. The evaluation was made in terms of prediction accuracy, precision and limit of detection. The results showed that NNA clearly gave the best results, with accuracy and precision at least twice as good as the analytical curve while PLS showed an even worse performance.
Panne et al. 355 employed a PLS regression model based on LIBS data to explore the analysis of glass and glass melts during vitrification as well as bottom ashes. They used a total of 23 samples, 19 samples for the calibration set and 4 samples for the test set. This work presented the best results with a single component model (93% explained variance).
Hybl et al. 356 discussed LIBS as a potential method for detecting airbone biological agents. The authors used the PCA to illustrate that linear combinations of the detected atomic lines, which are present in different ratios in each of the samples tested, can be used to discriminate biological agent simulants from other biological matter. In this work, Ca, Mg, and Na, which are present in varying concentrations between 0.3 and 11% (by mass) in the Bacillus anthracis (Bg) particles, were evaluated.
Bohling et al. 357 used a miniaturized laser technology, fiber optics and time-resolved detection of LIBS intensities at 388 nm for real-time spectroscopic classification of different mine casing materials and explosives. They improved the accuracy in the identification of different materials with identical atomic composition by timeresolved LIBS and application of self-learning neural networks. In this investigation only one classification characteristic was used to train the neural network. The result could easily be improved by adding more classification characteristics and by increasing the number of data sets for training the neural network.
Sattmann et al. 358 applied the LIBS technique to investigate the possibility of using this method for the identification of different materials. They studied the plasma 503 Pasquini et al. Vol. 18, No. 3, 2007 emission of high-density polyethylene (HDPE), low-density polyethylene (LDPE), polyvinyl chloride (PVC), polyethylene terephthalate (PET), and polypropylene (PP). The results showed that the automatic evaluation of the spectral data measured on clean samples with neural networks enables identification accuracies in the range of 93 to 96% for PE and PP and of > 99% for PET and PVC.
Freedman et al. 359 built and tested a miniature LIBS instrument. It was built with a microchip laser (Litton Synoptics) that produced pulses of 500 ps at 14 µJ energy and 7.8 kHz, an optical system that allowed a 1.5 cm focal length which focused the plasma emission onto an optical fiber. Craters of 20 µm diameter were created by the laser. The analyses of 7 trace elements were evaluated by reference samples of aluminum alloy containing Cu, Fe, Mg, Mn, Ni, Si and Zn. Analytical curves were obtained by two protocols, using internal standardization of integrated peaks areas and PLS. The analytical curves obtained by the peak integration method showed exponential behavior and PLS analytical curves produced a linear fit, presenting a reduction of noise near the origin. In relation to the figures of merit, the PLS analyses presented better results regarding detection limits, but the RSD's were better only for Mg, Si and Zn. In general low detection limits, in the range of 0.11 to 1.87% for peak integration analyses and 0.05 to 0.36% in PLS analyses, were obtained. The RSD's in the range of 12 to 20% and 4 to 29% for peak integration analyses and PLS analyses, respectively, were achieved. The LIBS system proposed is attractive due to its simplicity (easily to build) and low price. More investigation is necessary to establish the representativeness of the small areas sampled by the low energy laser pulses employed.
Conclusions and Further Remarks
The LIBS technique is very rapidly finding its niche among the modern spectrometric techniques. The bibliographic references cited in this review allow observing the various field of application of the technique. Its use in non-conductive solid samples presents an advantage over the arc/spark spectrography and other well established techniques such as ICPOES and AAS. However, up to the moment, the detectivities (typical detection limits of µg g -1 ) and precision of LIBS are not good as arc/spark spectrography and become even worse when compared with ICPOES and AAS. One can foresee hyphenating LIBS with concentration techniques in order to overcome the limitations imposed by these detection limits for liquid samples or even for solid samples after digestion. For instance, recently, a flow-injection technique has been coupled to LIBS (FI-LIBS) in order to concentrate aluminium in liquid samples. 360 This can be done by means of a liquid-solid extraction and concentration scheme and the multielemental characteristic of LIBS will facilitate the use of nonselective reagents. On the other hand, using such procedures will impose complexity to the analytical method and jeopardize one of the main characteristic of the technique: its direct use on a raw sample.
Comparison of the results obtained for the content of elements present in a sample as determined by LIBS and by a bulk technique such as ICPOES may sometimes be meaningless. The material ablated by one laser pulse is taken from a limited area of few micrometers of the sample surface and amounts to nanograms or few micrograms while bulk methods will determine the average concentration of the analyte in a quantity of the sample that is about 10 3 to 10 6 times greater and effectively represents the whole sample. Of course, averaging the emitted radiation after many laser pulses and using some pre-pulses to clean the sample surface can minimize this difference, but it is very difficult to reduce it to a negligible level.
The reproducibility of the LIBS signals obtained by common lasers producing pulses of about 5 ns duration is also not as good as with other spectrometric techniques. The typical standard deviations for a signal obtained after averaging many pulses from a smooth and homogeneous surface (free of variations of concentration) are in the range from 2 to 10%. Some improvement in this figure of merit is expected when faster lasers (operating in the femtosecond time scale) become common and the thermal stochastic nature of the ablation process produced by nanosecond laser pulses will be replaced by a purely photonic process. However, the cost of such devices must decrease and its robustness augmented before many laboratories can take part in this development and study LIBS with ultra-short pulse lasers.
The cause of the LIBS disadvantage regarding the aspect of representativeness of the bulk sample is converted to one of its great advantages when the aim is microanalysis. Surface lateral resolution of few micrometers and depth resolution also of this order of magnitude impart unique characteristics to LIBS and certainly defines one of its more promising applications. Up to the moment there is no counterpart for LIBS when microanalysis of metallic and non-metallic surfaces and depth profiles is the issue. Many efforts will certainly devoted to the development of microanalysis by LIBS in the near future. The quasi non-destructive (surely, causing no discernible damage to the naked eye) character of the technique enables its use on art, archaeological objects and jewelry with more versatility than its counterpart Xray fluorescence, that has similar detection limits. Improvements in calibration-free LIBS methods will make the technique even more powerful for use in the field as the requirements for standards (rarely available for such type of samples) are eliminated.
The portability of the LIBS systems indicates the technique for field analyses of environmental interest by screening and mapping critical areas which can be contaminated by organic or inorganic pollutants. In this area, the development of in-field low cost instrumentation will certainly play the most relevant role in the near future. The agricultural area might also make use of developments in portable instrumentation as, most certainly, would homeland security and military areas.
There are great expectations for more results from the application of LIBS in aerosol analysis. So far, the potentialities of the technique have been demonstrated in a number of papers. This issue is relevant for environmental and home security fields.
Remote analysis is another niche that will be occupied by LIBS without any rival technique. The ability of a LIBS system in generating, collecting and measuring a signal produced from a sample distant by more than 50 m is unique among the spectroscopic elemental analytical techniques. Military, home security, analysis of dangerous material or in dangerous places and environmental areas will provide many interesting applications for this technique. More unorthodoxy applications of the remote characteristics of LIBS are found in space analysis. Many possibilities can be foreseen. A NASA project to place a LIBS instrument on a vehicle for exploring Mars is programmed for the year 2009. 12 The LIBS technique provides a great potential to be hyphenated with Raman vibrational spectroscopy because both techniques share most of the same equipment. In fact, a simple control of the laser pulse energy and some adaptations in the optics can easily convert a LIBS system into a Raman spectrometer. The techniques are complementary to a high degree and the hyphenated instrument would provide access to analytical information on inorganic and organic species present in a sample. Some advances are expected on the subject of joining LIBS and Raman spectroscopy in the near future, mainly concerning the instrumental aspects involved.
The near infrared (NIR) spectral region of the emission spectrum generated by LIBS is still to be exploited for analytical purposes. The best ICCD-based detectors available can extend the monitored spectral range up to wavelengths of about 925 nm (at cost of a lower quantum efficiency). This type of device has recently been employed for determination of sulfur in the first paper exploiting the NIR spectral region of LIBS. 361 While research on LIBS will continue to grow in an exponential fashion in the next several years, the knowledge accumulated in academia will be transferred to commercial instrument companies that will, in last instance, be responsible to popularize the technique. Recent initiatives to standardize LIBS nomenclature and relevant instrumental parameters are actions pointing in the direction of a mature technique which will certainly play a relevant role in analytical chemistry in the foreseeable future.
